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W Check for updates

Organoids derived from human pluripotent stem (hPS) cells hold promise for
therapeutic purposes. However, technological advances to overcome their
massive production while ensuring differentiation fidelity are still lacking.

Here wereporta procedure sustaining the derivation of kidney organoids
from hPS cells (hPSC-kidney organoids) using a scalable, reproducible and
affordable approach that allows hPSC-kidney organoid differentiation into
different renal cell types. Using single-cell RNA sequencing, confocal image
analysis, metabolic assays and CRISPR-Cas9 engineering for generation

of fluorescent reporters, we show that hPSC-kidney organoids exhibit
transcriptional variety and cellular composition following cell-to-cell contact.
We infuse human kidney organoids into ex vivo porcine kidneys using
normothermic machine perfusion, and demonstrate in vivo engraftment
of hPSC-kidney organoids. We further evaluate the immune response,
confirming the feasibility and viability of the procedure. We identify

cells of human origin after normothermic machine perfusionandin vivo
transplantation by means of in situ hybridization, immunohistochemistry,
confocal microscopy, image analysis and quantification, in vivo imaging,
and flow cytometry. This work provides afoundation for using hPSC-kidney
organoids for ex vivo cell-based therapiesin clinical trials.

Organoid technology holds great promise for regenerative medicine
applications. When developed from human pluripotent stem (hPS)
cells, organoids have offered high fidelity at recapitulating important
characteristics of human developing organs. In general, methodolo-
gies for organoid generation involve exploiting the inherent capac-
ity of hPS cells to self-organize and respond to external biochemical
stimuli, which ultimately promote their differentiation towards the
desired organ. In the past years, other approaches have consisted in
the introduction of physical constraints mimicking the embryonic
milieu as an affordable methodology to externally guide hPS cell dif-
ferentiation into organoids (for example, physiologically relevant
conditions' and stiffness?).

While the field has collectively demonstrated that hPS cell-derived
organoids offer an unprecedented platform for modelling human

development and disease, therapeutic studies aimed at translating
this technology into clinically relevant applications remain largely
elusive yet critically important. In part, this may be due to the difficulty
of producing hPS cell-derived organoids under initial conditions that
allow scalability, uniformity and reproducibility in a cost-effective
manner, thus preventing the use of organoids in applications such as
tissue regeneration and organ transplantation. Here, to explore the
potential use of organoids in future clinical settings, we evaluated a
differentiation toolkit to produce kidney organoids derived from hPS
cells (hPSC-kidney organoids) in a reproducible manner by forcing
cell-to-cell contact.

In this Article, we defined the specific conditions to derive uni-
form kidney organoids in a scalable manner, and we confirmed the
results by means of confocal microscopy, metabolic analysis, image
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quantification and single-cell transcriptomics. We then demonstrated
the utility of these organoids by validating the accuracy of our approach
using pig kidneys subjected to ex vivo normothermic machine perfu-
sion (NMP) with hPSC-kidney organoids, which were subsequently
transplanted into the same pig forin vivo studies. These results validate
the feasibility and the viability of hPSC-kidney organoids for ex vivo
cell-based therapy in clinical trials.

Results

Generation of kidney organoidsin free-floating culture

During mammalian development, the kidneys arise from the posterior
intermediate mesoderm (PIM), which develops onto the metanephric
mesenchyme (MM) whereas the anterior intermediate mesoderm (AIM)
generates the ureteric bud (UB). While the MM will differentiate into
nephron tubules, the glomerulus and the renal stroma owing to the
presence of nephron progenitor cells (NPCs), the UB will giverise to the
collecting duct and ureter. We previously demonstrated that increas-
ing the time that hPS cell-derived PIM-committed cells are exposed
to three-dimensional (3D) culture results in the generation of kidney
organoids with higher features of differentiation. Here, we aimed to
explore how forcing different numbers of cell-to-cell interactions
would result in the generation of organoid derivatives exhibiting dif-
ferent extents of differentiation and cell composition. Such informa-
tion would be relevant to identify initial culture conditions in which
cell-fate determination canbe predicted and conversely used to scale
up robust organoid production.

Therefore, hPS cells were seeded at 1-2 x 10° viable cells per well on
vitronectin-coated 24-well plates and cultured in Essential 8 medium
at 37 °Covernight. The next day (day —4), differentiation was induced
by treating cell monolayer cultures with 8 uM CHIR99021 (CHIR) in
Advanced RPMI1640 basal medium for 3 consecutive days. Onday -1,
monolayer cultures were treated with 200 ng mI FGF9, 1 ug ml™ hepa-
rinand 10 ng ml"activin A for 24 h. On day 0, hPS-cell-PIM-committed
cellmonolayers were treated with CHIR (5 pM) for 1 hwhile maintaining
FGF9signalling and subsequently dissociated into single cells that were
seeded in V-bottom 96-well plates to generate 3D spheroids by the
self-aggregation of 500, 8,000,100,000 and 250,000 PIM-committed
cells (PIM-committed 3D spheroids) per well. The 3D spheroids were
maintained in free-floating conditions until day 16 of differentiation
(Fig. 1a; Methods) which led to the formation of kidney organoids
(Extended Data Fig. 1a,b). FGF9 signalling was maintained from day
0 to day 7, promoting the formation of renal vesicles (RVs) (Fig. 1b;
Methods). Further analyses were conducted to dissect the expression
of markers of PIM, NPCs and RV by quantitative polymerase chain
reaction (qPCR) at days 2, 5 and 7 (Extended Data Fig. 1c). In all the

tested conditions, day 7 RV-stage organoids contained numerous RVs
that expressed the RV-associated markers PAX2 and LHX1 as deter-
mined by immunofluorescence (Fig. 1b). Image quantification showed
that day 7 organoids derived from 500 and 8,000 PIM-committed
3D spheroids developed more PAX2'LHX1" RV structures (Fig. 1c),
also exhibiting increased mRNA levels of PAX2, LHX1 and WTI than
those derived from100,000 and 250,000 (Extended DataFig.1c). The
presence of proliferative cells expressing Ki67 within the E-cadherin
(ECAD)'PAX2" RV-like structures was observed in all the conditions,
as expected (Extended Data Fig. 1d). RV-stage organoids were further
differentiated in the absence of growth factors (from day 7 to day 16)
under free-floating culture conditions (Fig. 1a; Methods). For all the
tested conditions (500, 8,000,100,000 and 250,000), our approach
led to the generation of kidney organoids with multiple nephron-like
structures detected by morphological analysis using haematoxylin
and eosin staining (Extended Data Fig. 1b). Immunofluorescence and
confocal microscopy confirmed that the different structures were
segmented into typical nephron components, including glomeruli
with podocyte-like cells (PODXL*CD31 ECAD/PODXL*WT1'LTL"/
NEPHRIN'LTL"), proximal tubule-like (LTL'PODXL"WT1"), distal
tubule-like and loop of Henle-like (ECAD*PODXL CD31") structures and
endothelial-like cells (CD31'ECAD"PODXL") (Extended DataFig.le-g).
Our methodology for the derivation of kidney organoidsinfree-floating
culture conditions was robust and efficient and was extended to addi-
tional hPS cell lines (Extended Data Fig. 2a-f).

Transcriptomic and phenotypic landscapes in kidney
organoids

To gain insight in the sequence of transcription-regulating events
differentially expressed in response to cell-to-cell aggregation in
PIM-committed spheroids, we performed single-cell RNA sequenc-
ing (scRNA-seq). Analysis was performed across four biological con-
ditions (500, 8,000,100,000 and 250,000 hPSC-kidney organoids at
day 16). Cell types were assigned using unsupervised clustering after
integrating all the assayed conditions, and the Uniform Manifold
Approximation and Projection (UMAP) algorithm was used to visual-
ize the scRNA-seq data (Fig. 1d). We retrieved renal endothelial-like,
mesenchymal-like, proliferating, podocyte-like and tubule-like cell
populations in all four experimental samples based on previous find-
ings by us’~ and others®. These observations indicate that starting
seeding conditions did not alter the resulting cell compositionacross all
four biological samples (Fig. 1d and Extended Data Fig. 3a). Importantly,
we observed that the corresponding proportion for each cluster was
discrepantinkidney organoids derived from 500 and 8,000 intermedi-
ate mesoderm (IM)-committed 3D spheroids that were composed of

Fig.1| Generation of kidney organoids in suspension culture. a, Experimental
scheme for the generation of human kidney organoids from hPS cells.

b, Representative immunofluorescence staining for PAX2 (green), LHX1 (red)
and DAPI (blue) in day (D) 7 RV-stage organoids derived from 500, 8,000,
100,000 and 250,000 IM-committed spheroids. Scale bars, 200 pm and 50 pm
(magnified views). Images are representative of three independent experiments.
¢, Quantification of PAX2*LHX1" area relative to DAPlin 500, 8,000,100,000

and 250,000 organoids at D 7 of differentiation. Data are mean + s.d. n =4 (500),
n=4(8,000),n=3(100,000), n=2(250,000) organoids.d, UMAP of kidney
organoids split by conditions. Clusters are coloured by annotated cell types.
LOH, loop of Henle. e, Cell type proportionsin 500, 8,000,100,000 and 250,000
kidney organoid samples at day 16 of differentiation. f, Differentially expressed
genes (DEGs) in 500 organoids against 250,000 organoids considering only the
proximal tubule cell type. In the volcano plot, the x axis indicates log, fold change
(FC) and the y axis indicates statistical significance with the -log,,(Pvalue) Genes
withan adjusted Pvalue <0.05 are considered upregulated (red) if the log,FC is
>0.1and downregulated (blue) if the log,FC is <—0.1. Non-DEGs are shown in grey.
g, MRNA expression levels of SLC3A1, SLC16A1, PGCIA, LDHA and NPHSI during
the time course of kidney organoid differentiation in 500 (red) compared with

250,000 (black) organoids. Data are mean + s.d. (technical replicates). Each
sampleisa pool of 12 organoids per group with two technical replicates each.

h, Seahorse analysis of 500, 8,000,100,000 and 250,000 organoids at day 16 of
differentiation. The OCR data are normalized to total protein. Inner mitochondrial
membrane proton leak, cellular ATP production, basal respiration, spare
respiratory capacity and maximal respiration are shown. Data are mean +s.d.
n=12(500),n=13(8,000),n=12(100,000), n=11(250,000) organoids from
threeindependent experiments. Kruskal-Wallis (two-sided) followed by Dunn’s
multiple-comparisons test. i, Representative immunofluorescence staining for
LTL (greys) and DAPI (blue) in day 16 kidney organoids derived from 500, 8,000,
100,000 and 250,000 IM-committed spheroids. Scale bars, 200um, 50pm
(magnified views). Images are representative of three independent experiments.
Jj, Quantification of LTL area relative to DAPIin 500, 8,000,100,000 and 250,000
organoids at day 16 of differentiation. Data are mean + s.d. n =26 (500),n =12
(8,000),n=13(100,000), n =13 (250,000) organoids. Kruskal-Wallis (two-

sided) followed by Dunn’s multiple-comparisons test. k, Quantification of the
percentage of LTL" proximal tubule cells in 500 and 250,000 kidney organoids by
flow cytometry. Dataare mean +s.d. n =7 biological replicates froma pool of 12
organoids each. Mann-Whitney test (two-sided). See also Extended Data Figs.1-3.
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alarge proportion of podocyte-, endothelial- and tubular-like cells,
compared with those derived from organoids generated from100,000
and 250,000 IM-committed 3D spheroids (Fig. 1e). Importantly, kidney
organoids derived from 500 and 8,000 IM-committed 3D spheroids

showed less abundancy of stromal-like cells than those derived from
100,000 and 250,000 (Fig. 1e), also highlighting a higher degree of
differentiation as stromal cell diminution is associated with kidney
maturation during development’®. These observations correlated with
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changes in the expression of genes for the different kidney compart-
ments (Extended DataFig.3a-c).Inaddition, all the assayed conditions
ledto the generation of AIM-derived cells, including collecting duct-like
cells as highlighted by scRNA-seq analysis (Fig. 1d,e) and qPCR analysis
(Extended DataFig. 3c).

Differential gene expression analysis showed increased expression
of metallothioneins in tubular-like cells of kidney organoids derived
from 500 PIM-committed 3D spheroids compared with250,000, which
have been previously shown to maintain proximal tubule homeosta-
sis during growth and development also offering protection against
toxic metals and oxidative stress (Fig. 1f). These results highlight the
overall applicability of the approach described here for investigat-
ing heavy-metal-induced nephrotoxicity responses in human kidney
organoids—an area that remains largely unexplored as a functional
assay in the field’. Our results also showed that podocyte-like cells
(Extended DataFig.3d) exhibited higher expression levels of podocyte
markers such as TCF21, NPHS2 and MAFB as well asintegral membrane
protein 2B (ITM2B), a core component of the slit-diaphragm associated
network. Furthermore, we observed an increase in the expression of
PGCIA, amaster regulator of mitochondrial biogenesis and oxidative
phosphorylation (OXPHOS), in kidney organoids derived from 500
compared with 250,000 PIM-committed 3D spheroids (Fig. 1g). Con-
versely, a decrease in the expression of the glycolytic enzyme LDHA
was also detected in the time course of organoid generation (Fig. 1g).
Interestingly, we have previously shown that both fatty acid oxidation
and OXPHOS drive proximal tubular differentiation in hPSC-kidney
organoids® and that forcing metabolic programming represents an
affordable strategy to promote tubular differentiation?, as recently
confirmed by others in the field'. In the present study, we observed
that anincrease in the mRNA levels of PGCIA also correlates with an
elevated expression of proximal tubular cell markers (SLC3A1 and
SLC16A1) (Fig.1gand Extended Data Fig. 3c). qPCR analysis furthermore
highlighted that kidney organoids derived from 500 PIM-committed
3D spheroids exhibited a higher expression of markers for glomer-
uli (WTI1, NPHS1, MAFB and PODXL), tubuli (SLC16A1) and endothe-
lium (ENDOGLIN) compared with 250,000 during differentiation
(Extended Data Fig. 3¢). We have previously shown that promoting
specific energy metabolism profiles during hPSC-kidney organoid
differentiation enhances the differentiation of hPS cells into renal
subtypes™*. To further investigate the impact of cell-to-cell aggregation
ontheenergetic metabolism of hPSC-kidney organoids, we performed
Seahorse analysis on day 16 of differentiation. Our approach identi-
fied that day 16 hPSC-kidney organoids derived from 500 and 8,000

PIM-committed 3D spheroids exhibited an OXPHOS bioenergetic
phenotype compared with100,000 and 250,000 (Fig.1h). The results
provided here suggest that promoting cell-to-cell contact represents
an affordable approach to induce an OXPHOS-mediated metabolic
profile driving proximal tubular differentiation at the transcriptomic
and phenotypic level. This is highlighted by the detection of more
proximal tubular structures (Lotus tetragonolobus lectin (LTL)*) in
kidney organoids derived from 500 and 8,000 PIM-committed 3D
spheroids compared with100,000 and 250,000 by image quantifica-
tion (Fig.1i,j) and fluorescence-activated cell sorting (FACS; Fig. 1k and
Extended DataFig. 3e,f).

Scalable production of uniform kidney organoids by
microaggregation
Previous studies have shown that the aggregation of patterned cells
derived from hPS cells can be used in the production of organoids™ .
Based onour observations that the aggregation of 500 PIM-committed
cells led to the generation of kidney organoids with higher transcrip-
tomic and phenotypic traits of differentiation compared with the other
assayed conditions, we explored suitable conditions to systematically
generate PIM-committed spheroids.

For that, we explored the use of additional cell lines for the genera-
tion of kidney organoids in a scalable and robust manner by creating a
fluorescent reporter cell line mirroring the endogenous expression of
WT1, amarker of NPCs and nascent podocytes during kidney develop-
ment. We took advantage of our previously described inducible CRISPR-
Cas9 system in hPS cells>'*" (Fig. 2a,b and Extended Data Fig. 4a-d;
Methods). We selected the targeted WT1-GFP clone based on PCR
screen (Extended Data Fig. 4d; Methods). The established WT1-GFP
reporter cell line exhibited the typical hPS cell-associated morphol-
ogy (Fig. 2c) as well as the expression of major pluripotency-related
markers as confirmed by qPCR analysis and immunofluorescence
(Fig. 2d,e). The WT1-GFP reporter cell line conveyed WT1 expression
dynamics as green fluorescent protein (GFP) expression was detected
by live imaging (Extended Data Fig. 4e). Immunofluorescence analy-
sis of day 16 kidney organoids showed that GFP expression mirrored
endogenous WT1 expression in podocyte-like cells within the orga-
noids (Extended Data Fig. 4f). In addition, flow cytometry analysis
during kidney organoid generation confirmed the presence of GFP*
cells from day 1, corresponding to NPC induction, continuing its
expression in day 7 RV-stage organoids until day 16 kidney organoids
(Extended Data Fig. 4g). qPCR analysis quantifying mRNA expression
of GFP, podocyte markers WTI1 and NPHS2, and the proximal tubule

Fig.2|Scalable production of uniformkidney organoids by
microaggregation. a, Schematic representation of the WTI genelocus where
sgRNAs were designed. Four sgRNAs were targeted to sequences around

the WT1stop codon at exon 10 and screened for editing efficiency by MiSeq.

b, Quantification of editing efficiencies for each sgRNA is represented as a
distribution of reads carrying Indels (% blue) or unmodified (Unmod) reads

(% grey). The sgRNA leading to the highest efficiency of genome editing is
highlightedinred. ¢, Representative bright fieldimage of WT1-GFP reporter
hPS cell line. Scale bar, 100 um. Images are representative of three independent
experiments. d, mRNA expression levels of SOX2, 0CT4, NANOG, DNMT3B,
CRIPTO and REX1inthe WT1-GFP reporter hPS cell line (green) compared with
the wild-type hPS cell line (black). Data are mean + s.d. (technical replicates).
Eachsampleis a pool of two wells of hPS cells with three technical replicates
each. e, Representative immunofluorescence staining for GFP (green), NANOG
(magenta) and DAPI (blue) in undifferentiated WT1-GFP reporter hPS cell
colonies. Scale bar, 200 pm. Images are representative of three independent
experiments. f, Experimental scheme for the generation of uniform 500
kidney organoids from the WT1-GFP reporter hPS cell line using the microwell
culture system. g, Representative bright-field and fluorescent images of kidney
organoids derived from the WT1-GFP reporter hPS cell line by the microwell
culture system during the time course of differentiation (days are indicated).
Images are representative of three independent experiments. h,i, Representative

immunofluorescence staining in day 16 kidney organoids derived the WT1-GFP
reporter hPS cell line using the microwell culture system for the detection of GFP
(green), NEPHRIN (red), LAMININ (greys) and DAPI (blue) in h, and GFP (green),
CD31 (red), LTL (greys) and DAPI (blue) ini. Scale bars, 200 pm (h and i).

Images are representative of three independent experiments. j, nRNA
expression levels of WT1, PODXL, MAFB, PDGFRA, SLC3A1 and PGCIA, during

the time course of kidney organoid differentiation in 500 organoids generated
by the microwell culture system. Data are mean = s.d. (technical replicates).
Eachsampleis a pool of 12 organoids with two technical replicates each.

k, Representative bright-field images of kidney organoids derived from hES
cells by the microwell culture system on days 2, 7 and 16 of differentiation. Scale
bars, 100 pm. Images are representative of three independent experiments.

1, Representative immunofluorescence staining of day 16 kidney organoids
derived from hES cells using the microwell culture system for the detection

of LAMININ (green), NEPHRIN (red), LTL (greys) and DAPI (blue), and ECAD
(green), CD31 (red), PODXL (greys) and DAPI (blue). Scale bars, 200 pm. Images
arerepresentative of three independent experiments. m, mRNA expression
levels of renal differentiation markers during the time course of kidney organoid
differentiation in 500 organoids generated by the microwell culture system. Data
aremean + s.d. (technical replicates). Each sample is a pool of 12 organoids with
two technical replicates each. See also Extended Data Fig. 4.
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marker SLC3A1in GFP* and GFP~ sorted cell populations from day 16
kidney organoids (Extended Data Fig. 4h,i) confirmed that GFP* cells
had a higher expression of WT1 and NPHS2 compared with GFP™ cells
(Extended Data Fig. 4i). The latter showed increased expression of the

proximal tubule marker SLC3A1 (Extended DataFig. 4i), overallindicating
that GFP reporter expression correlated with endogenous WT1expres-
sioninpodocyte-like cells withinday 16 kidney organoids. Inlight of these
results, we established cell culture conditions to scale up kidney organoid
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production using commercially available AggreWell 400 Microwell
plates containing 1,200 x 400 um microwells per well of a24-well plate
(Fig. 2f; Methods). In our approach, PIM-committed cell monolayers
(day 0) prepared from the WT1-GFP reporter cell line were first treated
with 5 uM CHIR, 200 ng ml™ of FGF9 and 1 ug mI™ of heparin for 1 h.
Next, cellmonolayers were disaggregated into asingle-cell suspension
and plated at 6 x 10° cells per well of a 24-well AggreWell 400 Microwell
platein AdvRPMI medium supplemented with 200 ng ml™ of FGF9 and
1pg ml™ of heparin (corresponding to 5 x 10? cells in each microwell).
Following centrifugation and overnight culture, uniform cell aggre-
gates with an approximate diameter of ~100 pm were formed in each
microwell (Fig. 2g). The generated microaggregates were then left to
differentiatein the presence of FGF9 signalling from day O to day 7, when
RV-like structures developed (Fig. 2g). Day 7 microorganoids were then
transferred to low-adherent p10 plates and maintained in the absence
of growth factors until day 16 when kidney organoids exhibited multi-
ple nephron-like structures segmented into typical nephron compo-
nents: glomeruli (NPHS1*GFP*LTL"), proximal tubuli (LTL'NPHS1 GFP")
and endothelial cells (CD31'GFPLTL"), together with the presence of
basement membrane protein LAMININ that was used to detect all the
epithelial-, mesothelial-and endothelial-like structures (Fig. 2h,i). These
findings were confirmed by qPCR analysis during the time course of
kidney organoid generation (Fig. 2j). Moreover, this methodology was
used for the generation of day 16 kidney organoids from two additional
hPS cell lines, including human embryonic stem (hES) cells (Fig. 2k-m)
and humaninduced pluripotent stem (iPS) cells (Extended Data Fig. 4j-1).
Kidney organoids derived from both hPS cell lines contained segmented
nephron-like structures at day 16 of differentiation, including glomeruli
(NEPHRIN'LTL/ECAD PODXL"), proximal tubules (LTL"NEPHRIN"),
distal tubules withloops of Henle (PODXL"ECAD") and endothelial cells
(CD31'ECADPODXL") (Fig. 2l and Extended Data Fig. 4k,1), confirming
that this approach was highly reproducible across hPS cell lines and
allowed the production of kidney organoids in a scalable manner.

Human kidney organoids engraft in porcine kidneys during ex
vivo NMP

Infusion of hPS cell-derived NPCs or hPSC-kidney organoids in ani-
mal models have shown considerable improvements of organoid
glomerular and tubular structures and the formation of endothe-
lial networks'®2°, as well as inducing different degrees of host vas-
cularization and the diminution of off-target cells>*°?%, Despite
these advances, the reliance on animal hosts or sophisticated bio-
engineering techniques to improve organoid vascularization and
maturation limits their scalability. In light of the potential to scale
up kidney organoid production using a microwell culture system
thatensures reproducible differentiation, we next aimed to evaluate
our differentiation pipeline for future therapeutic applications in
kidney regeneration. To that end, we further leveraged the window
of opportunity provided by NMP, during which the kidney can be
continuously monitored and functionally assessed while potential
therapies are administered ex vivo. We and others have previously
assessed ex vivo hypothermic (1-8 °C) and normothermic (35-37 °C)
machine perfusion toimprove organ preservation and reduce ischae-
mia-reperfusioninjury by either circulating a cold preservation fluid
orawarm oxygenated blood-like perfusate through porcine kidneys
before transplantation®2°, Because our differentiation methodology
using amicrowell culture system allows scalability in the generation
of organoids, intact hPSC-kidney organoids were injected in the renal
artery of viable porcine kidneys (sow; type: Topigs 20) from local
slaughterhouse during NMP at different concentrations (Methods).
Based on previous findings**’, the organs were perfused with an
oxygenated perfusate, containing red blood cells, albumin, elec-
trolytes and nutrients at normal body temperature and a sinusoidal
pulsatile (60 bpm) pressure of 110/70 mm Hg for up to 4 h to maintain
anear-physiological microenvironment (Extended Data Fig. 5a-c;

Methods). During the first 60 min of NMP, renal arterial flow increased
in all the experimental groups, including the vehicle group (mock
conditions represent the infusion of perfusate in the absence of
organoids) (Extended Data Fig. 5d). Thereafter, flow rates mostly
remained constant until the end of the experiment (240 min) with
no substantial differences in flow progression, suggesting no
major differences in vascular resistance over time between groups
(Extended Data Fig. 5d). Notably, organoid infusion through the renal
artery of the organ 60 min after NMP did not have a major effect on
renal blood flow (Extended Data Fig. 5d). Metabolic and vasomotor
activity of organoid-infused kidneys during NMP was preserved, as
shown by maintained levels of total sodium (Extended Data Fig. 5e),
fractional excretion of sodium (Extended Data Fig. 5f) and creati-
nine clearance (Extended Data Fig. 5g) in all groups. In addition,
lactate dehydrogenase (LDH) and aspartate aminotransferase
(ASAT) levels during NMP were analysed as markers for general cell
injury and toxicity and showed similar levels between all groups
(Extended Data Fig. 5h,i). To confirm delivery and structural integ-
rity of hPSC-kidney organoids or organoid-derived cells, porcine
kidney biopsies after NMP were analysed for the presence of Alu
repeat sequences of human DNA by in situ hybridization, showing
that Alu” cells were present inboth glomerular and blood vessel struc-
tures (Extended Data Fig. 5j,k). Notably, our experimental set-up
succeeded in delivering both organoids (Extended Data Fig. 5a-k)
and enzymatically dissociated organoid-derived cells into the renal
artery (Extended Data Fig. 6a-j), the latter showing a homogeneous
distribution of fluorescence Qdot-labelled infused cells in whole
kidneys after NMP (Extended Data Fig. 6j). Our results provide the
proof of principle that ex vivo perfused porcine kidneys can be used
toascertain engraftment of hPSC-kidney organoids and derived cells.

Human kidney organoids persist in porcine kidneys after
invivo transplantation
The first report of organoid infusions during NMP was performed in
human discarded livers using dissociated organoid-derived cells®.
Here, we took the additional step towards the clinical applicability of
hPSC-kidney organoids by transplanting the pig kidney after infusion
of hPSC-kidney organoidsinto the same animal through vascular anas-
tomosis, using a previously described porcine model*-*. Laboratory
pigs (Hybrid Landrace/Large White crossbreed) were used (Methods).
Before organoid delivery to the pig kidney, we labelled
hPSC-kidney organoids with a near-infrared fluorescent dye
(Xenolight) which showed a great efficiency (62.5% +11.4% of
Xenolight-positive cells in stained organoids; n = 3 biological rep-
licates) compared with other common cell membrane fluorescent
dyes (Extended Data Fig. 7a,b), necessary to achieve high-sensitivity
and reliable optical imaging data after NMP and in vivo transplan-
tation. We then used a commercially available NMP system (Ebers
ARK system) to perfuse porcine kidneys for up to 3 h, based on our
previous results®**” and the observations shown here. The infu-
sion of Xenolight-labelled organoids was performed after 30 min of
organ preconditioning (Extended Data Fig. 7c-e; Methods). Renal
arterial flow increased after organoid infusion, remaining constant
until the end of the experiment with no major differencesin flow pro-
gression (Extended Data Fig. 7f). Metabolic, functional and vasomo-
tor activity of organoid-infused kidneys during NMP was preserved
(Extended Data Fig. 7g-k). Xenolight-labelled cells were detected in
the cortex region of the kidney making use of the IVIS optical imaging
system (PerkinElmer) (Extended DataFig. 7I). Image analysis and quan-
tification showed anaverage radiance of 6.10 x 10 photons s cm ™2 sr™!
3 hafter organoid infusion during NMP (Extended Data Fig. 7m). Fur-
ther analysis demonstrated the presence of Alu® cellsinboth glomeru-
lar and blood vessel structures (Extended Data Fig. 7n). Consecutive
paraffin tissue sections were stained for the tubule markers ECAD and
LTL, and the marker of tubular injury kidney injury molecule-1(KIM-1)
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asasurrogate of tubular damage during NMP*. Our analysis confirmed
the presence of human cells in the renal cortex of pig kidneys after
NMP, positive for ECAD and LTL. Our observations highlighted few
tubular structures co-expressing KIM-1 (Extended Data Fig. 7n) in
accordance with previous observations indicating the presence of
tubular inflammation after NMP,

Toassess the feasibility of our approachinapreclinical setting, orga-
noid engraftment was evaluated by qualitative and quantitative tech-
niques 24 or48 hafterexvivoorganoidinfused kidneyswere transplanted
backinto the same pig®-**(Fig. 3a; Methods). Importantly, no reperfusion
syndrome was observed (Extended DataFig. 8a,b), which hasbeen previ-
ously described after transplantation of injured organs**. Renal arterial
flow remained constant during NMP (Fig. 3b). Similarly, metabolic, func-
tionaland vasomotor activity of the organoidinfused kidneys during NMP
was preserved (Fig. 3c and Extended Data Fig. 8c-f). Xenolight-labelled
cells were detected 24 h (Fig. 3d and Extended Data Fig. 8g) or 48 h
(Fig.3e) after transplantationin the cortexregion of the kidneys. Image
analysisand quantification showed average radiances of 0.95 x 10° pho-
tons s cm?sr? or2.29 x10° photons s cm™sr™ 24 h and 48 h after
transplantation, respectively, indicating that organoid-derived cells
remained viable for at least 48 h after in vivo transplantation (Fig. 3f).
To verify these results, we performed systematic microscopic analysis
of paraffin sections prepared from kidney biopsies, identifying Alu*
cells in the renal cortex of in vivo transplanted kidneys (Fig. 3g,h and
Extended Data Fig. 8h,i). Consecutive paraffin tissue sections were
stained for the tubule markers ECAD and LTL, showing ECAD and LTL
expressionin cells of human origin 24 h (Fig. 3g) and 48 h (Fig. 3h) after
transplantation, as well as KIM-1. The results confirm that hPSC-kidney
organoids persistatboth24 hand 48 hafter kidney reimplantation, albeit
acertaindegree of damage could be observed inboth conditions (Fig. 3g
and Extended Data Fig. 7n).In addition, FACS analysis revealed the detec-
tion of Xenolight-positive cells before (Extended DataFig. 7o) and after
(Fig. 3i) kidney reimplantation. Concomitantly, PCR analysis on genomic
DNA detected the amplification of genetic material of human origin
(Extended Data Fig. 9a). During postoperative follow-up, we performed
biochemical analysis of blood and urine samples retrieved from trans-
planted pigs (Extended DataFig.9b,c and Supplementary Table1). Blood
glucose, sodium, potassiumand LDH levelsin animals reimplanted with
organoid-infused kidneys remained mostly invariable during the whole
study period with values close to basal levels (Extended Data Fig. 9b).
Conversely, blood ASAT, ureaand creatinine levels peaked at transplan-
tation (Tx) + 18 hand subsequently approached basallevelsat Tx + 42 h
(Extended Data Fig. 9b and Supplementary Table 1). In urine, glucose,
albumin, potassiumand creatininelevels showed values comparable to
basallevels (Extended Data Fig. 9c and Supplementary Table 1), whereas
sodium and urea levels showed significant variations compared with

baselinelevels (Extended DataFig. 9c). These variations might be attrib-
uted to factors related to the surgical procedure and the associated
physiological response of the organism, as previously reported***.
Overallthese findings suggest that graft viability was mostly preserved
during the study period evaluated here, overall showing the feasibility
and viability of our approach.

Human kidney organoids do not elicit major immune
responses locally or systemically

To evaluate the possible elicited xenogeneic pig-mediated immune
response against human organoids, we characterized the host adap-
tive and innateimmune system by flow cytometry and Luminex assays.
First, we evaluated the cell percentages of myeloid cellsand T cell lym-
phocytes in peripheral blood mononuclear cells (PBMCs) at different
timepoints before and after transplantation (gating strategy is detailed
in Extended DataFig.10a). PBMCs from non-transplanted animals (n=5)
were assessed as acontrol group. Figure 4a and Extended Data Fig.10b
show no significant differences inthe percentages of total CD3* T lym-
phocytes, CD4" T helper and CD8' T cytolytic cells between the trans-
planted and the control group at the indicated timepoints (T=0 h,
T=24hand T=48h). These longitudinal results suggest that human
organoids do not elicit major adaptive immune responses when
implantedinto pig kidney autografts. To evaluate the proliferative state
of Tlymphocytes, the expression of Ki-67, a proteininducedin dividing
cells®®, was also analysed. Figure 4b and Extended Data Fig. 10c show
no significant differences in the percentage of CD3*, CD4" and CD8"
T cell proliferation between groups or longitudinally within the same
group. Theresponse of the innateimmune system was also monitored
by evaluating the percentage of classical monocytes. Consistent with
the T cell results, nosignificant differencesin the percentage of mono-
cytes or their proliferative status were observed between groups at
theindicated timepoints (7= 0 h, T=24 hand T=48 h) were observed
(Fig.4a,band Extended DataFig.10b,c). Overall, flow cytometric analy-
sis showed no significant changes in the immunological response to
human organoids implanted in xenogeneic pig kidney grafts. To fur-
ther characterize the immune response, immunological parameters
were also assessed by Luminex, including cytokines, growth factors
andinflammatory proteins. Figure 4c and Extended Data Fig.10d show
no significant differencesin the serumlevels of CD31and CD34, which
have been previously used as markers of endothelial cell damage during
kidney perfusion®*%, In line with these results, pro-inflammatory IL-6
and anti-inflammatory IL-10 show no significant differences between
groups®*°, Similar results were observed when measuring plasma
levels of pro-inflammatory IL-1B or antagonistic IL-1IRA*. Serum levels
of C-reactive protein (CRP), an independent risk factor for renal allo-
graft loss that correlates with metabolic syndrome*, also showed no

Fig.3|Invivo transplantation of porcine kidneys infused with human kidney
organoids. a, Experimental scheme for infusion of kidney organoids in pig
kidneys during NMP and further in vivo kidney transplantation into the same
pig. Invivo transplanted organs and contralateral controls were collected 24 h
(n=3)and 48 h (n=3) after transplantation. b, Arterial flow (ml min™ per 100 g)
of organoid-infused kidneys during NMP. The yellow arrow indicates the time

of organoid infusion. ¢, LDH levels (U 1) during NMP. Inb and ¢, n = 6 organoid-
infused kidneys, n = 1kidney without organoids (Mock). d,e, IVIS fluorescent
images of organoid-infused kidneys 24 h (NMP #1 + org +24 h Tx) (n=1) (d) and
48 h (NMP #4 +org +48 h Tx) (n=1) (e) after transplantation. org, organoids.
Non-perfused contralateral kidneys are also shown (CTL). Whole and coronal
organ views are shown. f, Quantification of the average radiant efficiency
(photons s™ cm™?sr™) from the IVIS images of organoid-infused kidneys 24 h

and 48 h after transplantation. Dataare mean +s.d. n=3kidneys+24 hTx,n=1
kidney +48 h Tx. g, Left: detection of Alu repeat sequences of human DNA by
insitu hybridization in formalin-fixed paraffin sections of porcine renal cortex
from kidneys 24 h after transplantation. Scale bars, 2 mm and 50 pm (magnified
views). Right: immunofluorescence and confocal images in consecutive paraffin

sections for the detection of ECAD (greys), LTL (green), KIM-1(red) and DAPI
(blue) are shown. Scale bars, 2 mm (whole slide image), 100 pm (magnified
views #1 to #3) and 25 pm (closer magnified views). n = 3 cortical punch biopsies
were analysed from three independent experiments showing similar results.

h, Left: detection of Alu repeat sequences of human DNA by in situ hybridization
in formalin-fixed paraffin sections of porcine renal cortex fromkidneys 48 h
after transplantation. Scale bars, 2 mm and 50 pm (magnified views). Right:
immunofluorescence and confocal images in consecutive paraffin sections for
the detection of ECAD (greys), LTL (green), KIM-1(red) and DAPI (blue) are shown.
Scale bars, 2 mm (whole slide image) and 100 pm (magnified views #1 to #3).In
gand h, dashed lines indicate areas containing cells of human origin. Asterisks
indicate KIM-1 positive tubuli. n = 3 cortical punch biopsies were analysed from
three independent experiments showing similar results. i, Quantification of

the percentage of Xenolight-positive cells by flow cytometry in renal cortical
tissue from organoid-infused kidneys 24 h and 48 h after in vivo transplantation.
Dataare mean +s.d. n =3 biological replicates per group. n.s., no statistical
significance. Unpaired Student’s ¢t-test (two-sided). See also Extended Data Figs.
5-10.AUC, areaunder the curve.

Nature Biomedical Engineering


http://www.nature.com/natbiomedeng

Article

https://doi.org/10.1038/s41551-025-01542-1

significant changes (Fig. 4c and Extended Data Fig.10d). It hasbeen pre-
viously demonstrated that xenogeneicimmune responses occur within
minutes or hours after transplantation, leading to hyperacute rejection
and graft destruction within24 h (ref. 43). We observed an early increase
inIL-6 and IL-IRA in the plasma at reperfusion, which approached base-
line levels at the experimental endpoint after 24 h (ref. 44). Here, we
extended this endpoint to 48 h and confirmed that several immuno-
logical parameters are not significantly affected within the control nor
transplanted groups. Inlight of our results, we conducted phenotypic

analysis using a multimodal strategy that combined morphological
evaluation and immunophenotyping (CD15, CD45 and CD68), along
withimage analysis and quantification, to further assess initialimmune
responses in pig kidney xenografts after transplantation. Phenotyping
was conducted on paraffin sections of kidney samples retrieved 24 h
or48 hafter transplantation (including control lateral kidneys) as well
as non-transplanted kidneys after NMP in the presence of organoids.
We confirmed the presence of innate immune cells (CD68* and CD15"
cells) and leukocytes (CD45" cells) in all the experimental conditions,
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Fig. 4| Analysis of potential systemic and localimmune response after in vivo
transplantation of porcine kidneys infused with human kidney organoids.
PBMCs of pigs at different timepoints after in vivo transplantation were analysed
by flow cytometry. a, Levels of total CD3* lymphocytes, CD4, CD8 or monocytes
asapercentage of total CD45" cells were analysed. b, Proliferating levels of CD3"
lymphocytes, CD4, CD8 or monocytes by the expression of Ki-67. Each line
represents asingle pig. ¢, Serum levels of CD31, CD34, IL6, IL10, IL1-ra, IL1B and
CRP measured by Luminex. Ina-c, n =5 control (non-transplanted animals),
n=4transplanted animals. Mann-Whitney (two-sided) test was used to compare

between the two experimental groups at 0, 24 and 48 h; no statistical differences
were found. Paired Wilcoxon matched-pairs signed-rank (two-sided) test was
used to analyse changes inside the same group at 0, 24 and 48 h; no statistical
differences were found. Pvalues less than 0.05 were considered statistically
significant. d, Image quantification of CD68, CD15 and CD45 area relative to total
tissue section area in renal cortical biopsies retrieved fromkidneys24 hand 48 h
after transplantation. Data are mean + s.d. n = 3 biological replicates per group
with technical duplicates each. Kruskal-Wallis (two-sided) followed by Dunn’s
multiple-comparisons test. See also Extended Data Fig. 10.

butautomated quantification demonstrated no significant differences
among the experimental groups (Fig. 4d). Our study provides a detailed
report on the localization and immunophenotypic composition of
inflammatory cells after infusion of human kidney organoids during

NMP and invivo transplantation. Our observations highlight that CD68*
and CD15" cells were predominantly located within the glomeruliand/
or tubular compartments, whereas CD45" cells were observed within
the peritubular space (alink to the images is provided in Methods).
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Discussion

Organoids derived from hPS cells have emerged as one of the
next-generation multicellular systems to model human development
and disease. Their potential therapeutic applicability stems from their
inherent properties, which capture the cellular composition, function
and organization found in the native organ®. Inrelation to hPSC-kidney
organoids, different laboratories have proved that thesein vitromodels
exhibit disease-related phenotypes (using genome editing***® or using
patient iPS cells as starting cell source***°) also offering potential appli-
cations to model infectious disease***>* and cell replacement thera-
piesupon damage®. Besides these advances, studies using hPSC-kidney
organoid implantation in vivo have mostly explored the beneficial
impact of transplantation onkidney organoid graft maturation®'$9222,
with no study so far aimed to further investigate the potential use of
these model systems for potential transplant applications.

So far, strategies to produce kidney organoids from hPS cells
rely on the specific induction of the MM lineage®** or the simultane-
ous induction of MM- and UB-like progenitors*®, with only one study
generating higher-order grade hPSC-kidney organoids through man-
ual assembly of MM- and UB-derived hPS cells®. Similarly, bioengi-
neering approaches that use microfluidics have started to provide
plausible scenarios to mirror physiologically relevant conditions to
promote vascularization' and generate hPS cell-derived renal cell
types®®. Despite all these advances, variability of growth and patterning
of organoids still results in highly heterogeneous end-point collec-
tions, which represents one of the major limitations of the organoid
technology®. We have previously shown that increasing the time that
hPS-cell-PIM-committed cells are exposed to 3D culture conditions
results in the generation of kidney organoids with higher features of
differentiation at transcriptomic, structural and morphological lev-
els*. Here, we further explored the identification of culture conditions
empoweringkidney organoid differentiationinto segmented nephron
structures including multiple renal cell types. We reasoned that forc-
ing different numbers of cell-to-cell interactions from the same pool
of hPS-cell-PIM-committed cells (500, 8,000, 100,000 and 250,000)
would help toidentify the initial number of progenitor cells leading to
kidney organoids with nephron-like structures and transcriptomic sig-
naturesresulting from cell sorting and self-organization processes. In
supportofthis hypothesis, we have demonstrated that the aggregation
of 500 enables the generation of kidney organoids that exhibit higher
traits of differentiation compared with other assayed conditions in dif-
ferent hPS celllines, including expression of nephron and endothelial
markers at the scRNA-seq level, asubstantial reduction in stromal-like
cells, enhanced proximal tubule differentiation and production, and
metabolic rewiring towards an OXPHOS state. It has been shown that
undifferentiated stromal populations negatively interfere vasculariza-
tion and differentiation upon transplantation®', thus opening other
applications of the approach described here for future developments
toboost vascularization of hPSC-kidney organoids. Further use of our
differentiation procedure may also include coupling the culture condi-
tions described here with interventions on specific metabolic routes
fuelling energy metabolism and thus boost the generation of specific
renal cells withinkidney organoids as shown by us® and more recently
by others when promoting tubular differentiation'®. We next investi-
gated the scalability of our kidney organoid procedure in controlled
conditions making use of microwell structures. First, we established
a one-step selection-free knocking strategy through CRISPR-Cas9
engineering to generate WT1-GFP reporter hPS cells allowing real-time
monitoring of WT1 gene expression as well as enrichment of specific
glomerular-like populations during kidney organoid differentiation.
Overall, this strategy allows to generate ~30,000 hPSC-kidney orga-
noids per each24-well plate with nearly 100% of the resulting organoids
exhibiting segmented nephron-like structures positive for the expres-
sionof nephronand endothelial markers. Interestingly, the procedures
described here present a series of advantages, such as short culture

time, high fidelity and independence of extracellular matrix compo-
nents for organoid generation and maintenance. This underpins the
potential translation of our findings to other applications such as drug
screening and disease modelling.

Exvivo organ machine perfusion has the potentialtoserveasatech-
nology for graftinterventionsincluding pharmacologic organ precon-
ditioning, stem cell and organoid therapy and gene modulation®*¢>,
However, the application of complex cellular systems, such as hPS
cell-derived organoids, for graft pretreatment has been limited by the
lack of methodologies to ensure the production of sufficient quantities
of hPS cell-derived renal cells (including organoids and/or differentiated
celltypes) that have adequate molecular and cellular fidelity. Toapply
organoids obtained through our differentiationapproachin arealistic
graft pretreatment setting, we subjected viable slaughterhouse-derived
porcinekidneys to several hours of normothermic ex vivo perfusionand
intraarterial administration of intact hPSC-kidney organoids orisolated
cells from hPSC-kidney organoids. Cell doses were tested in two differ-
ent concentrations based on preclinical studies in pigs using mesen-
chymal stem cells during NMP from previous studies performed by our
group®* and others®. Our experiments demonstrate that the addition
of both hPSC-kidney organoids andisolated cells during NMP does not
elicitalterations to perfusion dynamics. The approach undertaken here
allowed cells of human origin to remain structurally intact and detect-
able as identified by in situ hybridization, in vivo optical imaging and
FACS analysis. Seminal work demonstrated that cells dissociated from
gallbladder organoids can be used for autologous cell-based therapy
torepairhumanintrahepaticbile ducts during ex vivo NMP*°. Whereas
that study utilized fluoroscopic guidance to administer enzymatically
dissociated cells from gallbladder organoids into the intrahepatic
ducts of humandonor livers, our approach demonstrates thatintraar-
terial administration of kidney organoids or their derivatives similarly
maximizes cell density, as indicated by confocal microscopy, image
reconstruction analysis and in vivo optical imaging. In the context of
kidney, the administration of neonatal kidney progenitor cells tohuman
donor kidneys during NMP reactivates the expression of the stem cell
transcription factor SIX2 in proximal tubular epithelial cells of the
donor kidneys upon perfusion®, suggesting a possible endogenous
regenerative mechanism while raising questions on potential side effect
consequences of SIX2 activation in donor kidneys®.

So far, there is no clear consensus on the best NMP strategy for
the kidney?®. One initial clinical trial demonstrated that a short (1-h)
period of NMP following hypothermic preservation yielded positive
resultsin terms of perfusion characteristics and early transplantation
outcomes®®, More recently, the same group conducted arandomized
controlled trial comparing outcomes of DCD (donation after circula-
tory death) kidney transplants preserved using conventional static
cold storage alone versus static cold storage followed by 1-h NMP®5,
Two other groups, onein Europe and the otherin Canada, have started
clinical programmes of NMP using longer periods of NMP (2-6 h), but
results are still pending®. In general, there is a limited amount of evi-
dencefor NMPin clinical kidney transplantation with few case series®.
Here, we aimed to validate perfusion characteristics and biomarkers
detection during hPSC-kidney organoid infusion in a pig model. Our
analysis incorporates morphological and quantitative outputs to
capture hPSC-kidney organoid engraftment during NMP and in vivo,
as well as evaluation of potential immune responses, overall showing
the feasibility and viability of the procedure.

Insummary, we present asystematic approach to determine spe-
cific culture conditions and timings to generate kidney organoids
from hPS cells in a cost-effective and robust manner. Our approach
empowers hPS cell differentiation and scaling up to generate kidney
organoids that contain nephron-like structures with different renal
cell types, as demonstrated by single-cell transcriptomic analysis,
confocal microscopy and metabolic assays. Collectively, transplant
researchstill lacks in vitro models that closely mimic organ featuresata
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functional, structural and transcriptomic level. Such advances depend
onour capability to engineer robust and affordable (costly and timely)
organotypic technologies linking cellular processes to organ-level
function. The combination of organoid technology and ex vivo organ
machine perfusion offers opportunities to perform cellular interven-
tions in fully controlled conditions before organs are transplanted in
the context of living kidney donation. Here, we provide the proof of
principle that machine perfusion represents an accessible and safe
method toadminister nephron-stage kidney organoid-based therapies
to donor kidneys in the future. Therefore, the tools developed here
openthedoorto further studies aimed at understanding the potential
functional benefit of hPSC-kidney organoids and favour the develop-
ment of therapeuticapproaches for renal cell regenerationin the clinic.

Limitations of the study

Notwithstanding the strengths of our study proving the feasibility
and viability of our approach, we are aware thatimportant limitations
exist. Our porcine model lacks important hallmarks typically observed
clinically as well as alonger follow-up period upon transplantation.
While the anatomical and physiological similarities between pigs and
humans support the potential translational relevance of our findings,
thebiological interpretation of these results requires further investiga-
tion in future studies.

Because we focused the design of our study on monitoring early
time periods (24 h and 48 h) during human organoid infusion into
porcine kidneys ex vivo and subsequent reimplantation in vivo, we
cannot make any predictions with respect to the long-term organoid
xenograft viability, engraftment and potential long-term immunogenic
or side effects. Further studies will evaluate these aspects as well as
the extentand impact of acute damage at longer post-transplantation
time periods.

This study has evaluated a sample size of n=7 perfused kidneys
using acommercially available NMP system, of which n =1was perfused
but not reimplanted, n =3 was perfused and transplanted in vivo for
24 h and n =3 was perfused and transplanted in vivo for 48 h. All per-
fused kidneys performed well during NMP. Future investigations will
increase sample size to reduce potential biological variability.

Human kidney organoids were infused within porcine kidneys
during ex vivo NMP and subsequently reimplanted in animals without
performing nephrectomy of the contralateral kidney. As such, any
functional analysis in the in vivo model is limited because the native
contralateral kidney remains intact and functioning. Future studies
involving contralateral kidney nephrectomy or utilizing kidney injury
models will enableinvestigation of theimpact of hPSC-kidney organoid
treatment on renal function following in vivo transplantation.

In this regard, extensive dose-response studies coupled to
kidney functional readouts are needed to uncover the poten-
tial therapeutic mechanisms (direct or paracrine) of hPSC-kidney
organoid-based treatments.

Methods

Cells

hPS cell lines were obtained after the approval of the Ethics Committee
from the Clinical Translational Program for Regenerative Medicinein
Catalonia (P-CMR[C]) and the Comisiéon de Seguimientoy Controldela
Donaciénde Célulasy Tejidos Humanos del Instituto de Salud Carlos Il
(project numbers 0036/3897/2015,0336/1123/2021,0336/2723/2021,
336/165/2022 and 9067/487286/2022). hES cell ES[4] line and CBi-
PS1sv-4F-40iPS cell line were obtained from the National Bank of Stem
Cells (ISCIII, Madrid). Both hPS cell lines were maintained and grown
in Essential 8 medium (A1517001, Thermo Fisher Scientific) in cell cul-
ture plates coated with 5 pg ml™? vitronectin (A14700, Thermo Fisher
Scientific) with 5% CO,at 37 °C. Cells were passaged every 4-6 days by
disaggregating hPS cell colonies into small cell clusters using 0.5 mM
EDTA (15575-038, Thermo Fisher Scientific).

Generation of genome-edited hPS cell lines

The WTIreporter cell line was generated using a hES cell line in which
a doxycycline-inducible Cas9 cassette was introduced at the AAVS1
safe harbour locus as we described before elsewhere'*”. A first screen-
ing using in-house retrotranscribed single guide RNAs (sgRNAs) was
performed by lipid-based transfection (Lipofectamine RNAIMAX,
#13778075) into doxycycline-treated undifferentiated hPS cells and
subsequent editing quantification by MiSeq analysis on genomic
DNA from transfected cells. MiSeq analysis was performed on a
locus-specific pooled PCR library that was generated through two
rounds of PCR introducing lllumina adapters and specific indexes.
In this way, pooled cells edited with different sgRNAs were differen-
tially labelled (Supplementary Table 2). Indel frequency in edited
pools was obtained by analysing trimmed FASTQ reads using CRIS-
PResso02 software (v 2.2.7)%. Results indicated that WT1KI-R Cr4 was
the sgRNA associated with the highest frequency of indel mutations
(Fig.2b). The sgRNAWTI1KI Cr4 (Supplementary Table 2) was ordered
and purchased as 2 nmol Alt-R CRISPR-Cas9 crRNAs (CRISPR RNAs)
(Integrated DNA Technologies) and annealed with Alt-R CRISPR-Cas9
tracrRNA (trans-activating CRISPR RNA) (Integrated DNA Technolo-
gies) following the manufacturer’s guidelines. In parallel, a donor
plasmid containing a sequence of the GFP and a T2A sequence flanked
by homology arms corresponding to the targeted sequence at the
end ofthe WT1was designed (Extended DataFig.4c). The strategy for
generation of the WT1reporter cell line included the co-nucleofection
ofthe sgRNA and the donor plasmid together with apRRpuro plasmid
(Extended Data Fig. 4a). The pRRpuro plasmid contained a puromy-
cin resistance sequence interrupted by the protospacer sequence
of the WT1KI-R Cr4 together with the protospacer adjacent motif.
Plasmids and sgRNAs were introduced in by nucleofection using the
Amaxa Nucleofector (Lonza, VCA-1003). The mix contained 164 pl
Nucleofector solution and 36 pl supplement and 1x DNA mix consist-
ing of 3 pg donor vector, 2 pug pRR-Puro vector and 1 pg of Alt-RcrRNA/
tracrRNA duplex. After the co-nucleofection of the sgRNA and both
plasmids, cells were plated as single cells and grown for 2 days in the
absence of puromycin. Subsequent antibiotic treatment for 3 days
enabled the selection of individual colonies, which were then picked
and plated in duplicate 96-well plates. One replica plate was kept as a
frozen stock while DNA was extracted for genotyping. The genotyp-
ing strategy was based on PCR screening using primers flanking the
5" homology arm within exon 10 of WT1, and primers flanking the 3’
homology arm within the 3’ untranslated region (Extended Data Fig. 4d
and Supplementary Table 3). This strategy identified that clone F9
contained the T2A-GFP sequence correctly integrated at the end of
WTI sequence. This clone was selected as a candidate WT1-T2A-GFP
reporter cell line (WT1-GFP reporter cell line) and was used for the
studies described here.

Kidney organoid differentiation

Before differentiation (day -5), undifferentiated hPS cell colonies were
dissociated into cell clumps using 0.5 mM EDTA (15575-038 Thermo
Fisher Scientific) at 37 °C for 4 min. To obtain single-cell suspensions,
samples were then incubated in Accumax (07921, Stem Cell Technolo-
gies) at 37 °C for 3 additional minutes. Cells were counted using the
Countess Automated Cell Counter (Invitrogen) and seeded at1-2 x 10°
viable cells per well on 24-well plates coated with 5 pg ml™ vitronectin
inthe presence of Essential 8 medium (A1517001, Life Technologies) at
37 °Covernight. The next day (day —4), differentiation was initiated by
treating monolayer cultures with 8 pM CHIR99021 (CHIR; SML1046,
Merck) in Advanced RPMI 1640 basal medium (AdvRPMI medium;
12633020, Thermo Fisher Scientific) supplemented with 1% penicillin—
streptomycin and 1% GlutaMAX (35050061, Thermo Fisher Scientific)
for 3 days with daily medium changes. On day -1, monolayer cultures
were treated with 200 ng mI™ FGF9 (100-23, Peprotech), 1 pg ml” hepa-
rin (H3149, Merck) and 10 ng ml™ activin A (Act A) (338-AC-050, Vitro)
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in AdvRPMI medium supplemented with 1% penicillin-streptomycin
and 1% GlutaMAX for 24 h. On day O, cellmonolayers were treated with
5 UM CHIR, 200 ng mI™*FGF9 and 1 ug mI* heparinin AdvRPMI medium
supplemented with 1% penicillin-streptomycinand 1% GlutaMAX for1h.
After this1-htreatment, cell monolayers were dissociated using TrypLE
Express Enzyme (1260402, Thermo Fisher Scientific) for1 min, collected
and counted. Next, 250,000 cells per well, 100,000 cells per well, 8,000
cells per well or 500 cells per well were dispensed on a V-shape 96-well
plate (249935, Thermo Fisher Scientific) and centrifuged at 300g for
5min. Cell spheroids were cultured in AdvRPMI medium supplemented
with1% penicillin-streptomycinand 1% GlutaMAX, 200 ng mI™ FGF9 and
1pg ml™heparinfor 7 days with medium changes every other day. From
day 7, organoids were maintained in AdvRPMI medium supplemented
with1% penicillin-streptomycinand 1% GlutaMAX. From that stage, the
mediumwas changed every other day. For kidney organoid generation
using the microwell culture system, IM-committed cellmonolayers (day
0) were first treated with 5 uM CHIR, 200 ng mI of FGF9 and 1 ug mI™
of heparinin AdvRPMImedium supplemented with 1% penicillin-strep-
tomycin and 1% GlutaMAX for 1 h, and subsequently disaggregated
using TrypLE Express Enzyme (1260402, Thermo Fisher Scientific) for
1min, collected and counted. A 24-well AggreWell 400 Microwell plate
(34411, Stem Cell Technologies) was pretreated with anti-Adherence
Rinsing Solution (07010, Stem Cell Technologies) by adding 0.5 ml of
the solutionineach well for 5 min and centrifuged at 300gfor 5 minto
remove bubbles. The resultant single-cell suspension was then plated
at 6 x10° cells per well of the 24-well AggreWell 400 Microwell plate
in 2 ml of AdvRPMI medium supplemented with 200 ng ml™ of FGF9,
1pg ml™ of heparin, 1% penicillin-streptomycin and 1% GlutaMAX. The
platewas then centrifuged at 300gfor 5 minand incubated with 5% CO,
at37 °C. After overnight culture, uniform IM-committed cell spheroids
formed in each microwell. Cell spheroids were cultured in AdvRPMI
medium supplemented with 1% penicillin-streptomycin and 1% Glu-
taMAX, 200 ng mI"' FGF9 and 1 ug mI™ heparin for 7 days with medium
changes every other day. On day 7, microorganoids were transferred
to low-adherent p10 plates (833902500, Sarstedt) pretreated with
anti-Adherence Rinsing Solution and maintained in AdvRPMImedium
supplemented with 1% penicillin-streptomycin and 1% GlutaMAX until
day 16 with medium changes every other day.

scRNA-seq

scRNA-seq was performed as described in our previous study*. Spe-
cifically, kidney organoids were collected and washed twice with
phosphate-buffered saline (PBS), and further dissociated into a
single-cell suspension by treating them with Accumax (07921, Stem
Cell Technologies) for 15 min at 37 °C followed by trypsin-EDTA 0.25%
(wt/vol) trypsin (25300-054, Life Technologies) for an additional 15 min
at 37 °C. The reaction was deactivated by adding 10% foetal bovine
serum (FBS). The cell suspension was then passed through a 40-pum cell
strainer. After centrifugation at 300g for 5 min, cell numbers and viabil-
ity were analysed using Countess Automated Cell Counter (Invitrogen).
Then, cell suspensions were loaded onto awell of a10x Chromium Single
Cell instrument (10x Genomics). Barcoding and cDNA synthesis were
performed according to the manufacturer’s instructions. Qualitative
analysis was performed using the Agilent Bioanalyzer High Sensitivity
assay. The cDNA libraries were constructed using the 10x Chromium
Single Cell 3’ Library Kit v3 according to the manufacturer’s original
protocol. Libraries were sequenced on Illumina NextSeq 500 using
the following read length: 28-bp Read1l for cell barcode and unique
molecular identifier (UMI), 8-bp 17 index for sample index and 55-bp
Read2. Libraries were preprocessed using Cell Ranger (3.0.1) from 10x
Genomics (http://10xgenomics.com). Reads from each sample were
aligned to the reference human genome (GRch38) downloaded from
the 10x Genomics website (version 3.0.0, corresponding to Ensemblv93
annotation). The median number of UMIs per cell was between 7,939 and
13,570, withamedian of 3,014 and 4,129 genes detected per condition.

scRNA-seq data analysis

The computational analysis of the resulting UMI count matrices was
performed using the R package Seurat (v4.0.5)”°. Cells were subjected
toaquality control step, excluding cells with <1,000 or >7,000-7,800
detected genes, >35,000-45,000 UMIs or >10% of UMIs assigned to
mitochondrial genes. Thresholds for each sample were obtained
from visual inspection of the UMI and detected genes distribution.
In addition, cells labelled as doublets by scDblIFinder (v1.9.4) were
discarded, and genes expressed in fewer than three cells for asample
independently, or in fewer than five cells when the samples were
merged, were removed from the analyses. Each dataset was separately
subjected to normalization, identification of highly variable features
and scaling using the SCTransform function with the ‘glmGamPoi’
method parameter, regressing out for the number of detected genes,
the percentage of mitochondrial UMIs and cell cycle. Allsamples were
integrated in Seurat using canonical correlation analysis to remove
batch effects and enable downstream comparisons between the dif-
ferent organoid sizes.

Principal component analysis was performed, and the top 20
components were kept for further analysis in the integrated dataset.
Unsupervised clustering was performed by setting the resolution
parameter to 0.5 in the FindClusters function. Dimensionality reduc-
tion for data visualization was done using the RunUMAP function.

Cell markers in each cluster were identified using the FindCon-
servedMarkers and FindAlIMarkers functions in the non-integrated
counts by using the Wilcoxon rank-sum test. Genes with a Pvalue <0.05
(adjusted by Bonferroni’s correction) were retained. Clusters were
labelled by comparing the expression of the identified markers with
databases available at the Kidney Interactive Transcriptomics (KIT)
webpage (http://humphreyslab.com/SingleCell/) and with markers
from previous publications”%, Differential expression analysis to
identify changes across conditions were also performed using the
Wilcoxon test, keeping as upregulated genes those present in a frac-
tionof 0.1of either population, with alog fold change greater than 0.1
and with an adjusted P value <0.05. To perform overrepresentation
analysis between conditions, we used the R package enrichR (v3.0)".

Histology and immunocytochemistry of kidney organoids
Specimens were fixed at theindicated timepoints with 4% paraformal-
dehyde (153799, Aname) overnight at 4 °C. Samples were then washed
twice with PBS, embedded in paraffin and sectioned into 5-10-um
samples. Sections were stained with haematoxylin and eosin. Images
were captured using the AF7000 Leica microscope. Forimmunofluo-
rescence, samples were fixed with 4% paraformaldehyde (153799,
Aname) for 20 min at room temperature, washed three times with PBS
and blocked using Tris-buffered saline containing 6% donkey serum
(S30, Millipore) and 1% Triton X-100 (T8787, Sigma) for 1 h at room
temperature. Samples were treated overnight at 4 °Cwith the primary
antibodies indicated in Supplementary Table 4 diluted in antibody
dilution buffer (Tris-buffered saline solution with 6% donkey serum
and 0.5% Triton X-100). Samples were then washed three times with
antibody dilution buffer and further incubated for 4 h at room tem-
perature with fluorescent conjugated secondary antibodies indicated
inSupplementary Table 5.

RT-qPCR

RNAwasisolated from cells and kidney organoids using TRIzol (Invitro-
gen). Two micrograms of RNA was reverse transcribed using the cDNA
archival kit (Life Technology), and qPCR with reverse transcription (RT-
gPCR) was runinthe QuantStudio5 (Life Technologies) machine using
SYBRGreen Master Mix (Applied Biosystem) and gene-specific primers.
The data were normalized and analysed using the AACt method. The
primer sequences used are presented in Supplementary Table 6. Design
and Analysis QuantStudio Real time PCR software (v1.5.2) was used for
qPCRdatacollection.
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OCR

The measurement of oxygen consumption rate (OCR) in kidney orga-
noids was performed using an XFe24 extracellular flux analyser (Sea-
horse Bioscience) as previously described®. Specifically, day 16 kidney
organoids were transferred into a Seahorse cell culture microplate in
warm Seahorse XF Assay Medium supplemented with 5 mM glucose,
0.5 mM pyruvate and 2 mM glutamine (Seahorse Bioscience). After1h
of incubation at 37 °C, plates were loaded into an XF24 respirometry
machine (Seahorse Bioscience). Uncoupled and maximum OCR were
assayed with oligomycin (10 uM) and FCCP (2 uM). Toinhibit complex
I- and lll-dependent respiration, rotenone (5 pM) and antimycin A
(15 uM) were used, respectively. OCR represents the oxygen tension
andacidification of the medium as a function of time (pmol min™). OCR
was normalized to protein quantity in each well. Seahorse wave desktop
software (v 2.6) was used for data collection and analysis.

Labelling of kidney organoids and single-cell suspensions
from kidney organoids

Before infusion of organoids in porcine kidneys during NMP, kidney
organoids and single-cell suspensions derived from kidney organoids
were labelled with Qtracker 655 (Cell Labelling Kits, Thermo Fisher
Scientific) following the protocol provided by the manufacturer. A total
number of 10,000 intact organoids were labelled with Qtracker 655 for
1hat37 °Cwith periodic shaking. For labelling kidney organoid-derived
single cell suspensions, samples were prepared by washingkidney orga-
noids twice with PBS and dissociating these organoids using Accumax
(07921, Stem Cell Technologies) for 15 min at 37 °C and trypsin—-EDTA
0.25% (wt/vol) trypsin (25300-054, Life Technologies) for additional
15minat 37 °C. The reaction was deactivated by adding 10% FBS. Cell
suspensions were then passed through a40-pm cell strainer, and after
centrifugation at 300g for 5 min, cell numbers and viability were ana-
lysed using Countess Automated Cell Counter (Invitrogen). A total
of 14 million cells were labelled with Qtracker 655 for 1 h at 37 °C with
periodic shaking, following the manufacturer’s instructions.

Kidney organoids were labelled making use of the com-
mercially available lipophilic tracer 1,1-dioctadecyl-3,3,3,3-t
etramethylindotricarbocyanine iodide (IVISense DiR 750 Fluorescent
Cell Labeling Dye —XenoLight, 125964, PerkinElmer). Kidney orga-
noids (pool of 7,200 organoids per tube) were labelled with 2.16 ml
of Xenolight-labelling solution (50 pg ml™ final concentration) for
30 min, washed one time with PBS and resuspended in medium. Similar
procedures were done for Qtracker 800 (Cell Labelling Kits, Thermo
Fisher Scientific) and IVISense 680 Fluorescent Cell Labeling Dye
(NEV12001, PerkinElmer).

Study design

For this preclinical study, we utilized porcine kidneys based on their
high resemblance to human kidneysin size, anatomical and physiologi-
cal characteristics. For experiments shown in Extended Data Figs. 5
and 6, viable porcine kidneys (sow; type: Topigs 20) and autologous,
heparinized whole blood were obtained from alocal slaughterhouse.
Kidneys underwent 30 min of warmischaemia, and then organs were
flushed with cold UW-CS (Belzer UW cold storage solution, Bridge to
Life) preservation solution. Storage and transport were done on melt-
ingice (0-4 °C). Autologous red blood cell concentrates were obtained
after leukocyte depletion by filtering, centrifuging and washing porcine
blood.Kidneys were randomly assigned to four experimental groups.
All the groups were subjected to a phase of organ conditioning (1 h).
In the first group, kidneys underwent 3 h of NMP without organoid
infusion (n=2). In the second group, kidneys underwent 3 h of NMP
with organoid infusion at low dose (36 organoids per gram of renal
tissue; n =3). In the third group, kidneys underwent 3 h of NMP with
organoid infusionat high dose (154 organoids per gram of renal tissue;
n=1).Inthefourthgroup, kidneys underwent 3 h of NMP with infusion
of cells obtained by enzymatic dissociation of organoids (n=2).Inall

four groups, NMP was performed using a custom-made perfusion
set-up described elsewhere”. For experiments shown in Figs. 3 and
4 and Extended Data Figs. 7-10, kidneys from laboratory female pigs
(Hybrid Landrace/Large White cross breed; 12-14 weeks of age; n=7
animals) were randomly assigned to three experimental groups. All
the groups were subjected to a phase of organ conditioning (30 min).
Inthe non-transplanted group, the kidney underwent 3 h of NMP with
organoidinfusion (n=1).Inthe second and third experimental groups,
kidneys underwent 3 h of NMP with organoid infusion followed by
autotransplantation and graftretrievalat 24 h (n=3) or48 h (n=3) after
transplantation, respectively. Inall three groups, NMP was performed
using the Ark kidney set-up from EBERS Medical Technology SL.

Ethics and animals

Female laboratory pigs (Hybrid Landrace/Large White crossbreed;
12-14 weeks of age) weighing approximately 50 kg were used for
autotransplantation. All animal care and procedures followed guide-
lines by the European Union (directive 2010/63/EU) and local regula-
tions. The study was approved by the Ethical Committee of Animal
Experimentation of the University Hospital Complex of A Corufa
(reference number 15002/2023/04). All personnel involved had
Federation of European Laboratory Animal Science
Associations licences.

Surgical procedure

The surgical procedure followed the method outlined by Kathsetal.,
except that contralateral nephrectomy was not performed®. Before
the procedure, premedication for sedation was administered using
ketamine (15 mg kg™), midazolam (0.4 mg kg™) and medetomidine
(4 mg kg™). The marginal vein of the ear was then cannulated, and
anaesthesiainduction was achieved with propofol. After orotracheal
intubation, sevoflurane (2-3%) was introduced for inhalation anaes-
thesia. Continuous analgesia was maintained through the intravenous
infusion of remifentanil (0.15 pg kg™ min™). Uponreaching the surgical
anaesthetic plane, the animal was positioned in dorsal recumbency
with a midline infraumbilical incision to expose the left kidney. Fol-
lowing heparinization, clamping was performed using clips in the
following order: ureter, renal artery and, finally, the renal vein. The
vessels were then incised, and the kidney was extracted. Following
this, the kidney underwent perfusion with 250 ml of IGL-1 solution at
4°C.Therenalartery and ureter were cannulated to connect themto
the normothermic preservation machine. After 3-h ex vivo perfusion,
the kidneys undergoing NMP using organoids were disconnected
from the device, flushed and cooled with 250 ml of IGL-1. Kidneys
were then autotransplanted end-to-side to the infrarenal vena cava
and aorta. Thisinvolved dissecting 5-8 cm of the vena cavaand aorta
above theiliac bifurcation. The ureter was cannulated with a double
Jcatheter and anastomosed directly to the bladder. The midline inci-
sion was closed, and the pigs were returned to the stables for 24 or
48 h of observation. During postoperative follow-up, analgesia was
administered (buprenorphine 50 pg kg intravenous twice aday and
meloxicam 0.4 mg kg intramuscular once a day, along with prophy-
lactic antibiotic therapy (enrofloxacin 2.5 mg kg™ intravenous once
aday). After 24 or 48 h, the pigs were anaesthetized, and blood and
urinesamples were collected. Subsequently, graft and control lateral
nephrectomies were performed. The animal was then euthanized
under general anaesthesia.

Collection of allogeneic erythrocytes

Seven days before the autotransplantation schedule, under general
anaesthesia, the femoral vein of the animal was cannulated, and 450 ml
ofblood was extracted using aquadruple bag CPD7SAGm blood filtra-
tion systemwithalysosome cell death regulator filter (Fresenius blood
bag systems, CQ32255), from which approximately 230 mlof red blood
cell concentrate was obtained.
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Machine perfusion set-ups

Two different perfusion set-ups were used. On the one hand, for all the
experiments shownin Extended DataFigs. 5and 6, the perfusion circuit
wasthesame as described elsewhere®. In brief, it consisted of apump
unit (Medos Deltastream Pumpdrive DP2) and a centrifugal pump (both
Medos Medizintechnik AG), an oxygenator/heat exchanger (Dideco
Kids D100 neonatal oxygenator, Sorin LivaNova Nederland NV, or
Hilite 800 LT, Medos Medizintechnik AG) and a modified LifePort organ
chamber withSealRing cannula (Organ Recovery Systems). During each
experiment, perfusate temperature was kept at 37 °C. Oxygenation
of the perfusate was achieved with carbogen (95% O,/ 5% CO,). Flow
was monitored using an ultrasonic clamp-on flow probe (Transonic
Systems). Pressure was measured directly at the SealRing cannula
using a clinical-grade pressure sensor (TruWave disposable pressure
transducer, Edwards Lifesciences). To obtain a physiological colloid
concentration, the set-up was primed using 500 ml Williams’ Medium
E (Gibco William’s Medium E + GlutaMAX, Life Technologies) supple-
mented with amoxicillin-clavulanate1,000 mg/200 mg (SandozB.V.)
and 40 gof albumin (bovine serum albumin fraction V, GE Healthcare
Bio-Sciences). Then, 350 ml of pure red blood cells were added to the
perfusate. Kidneys were perfused in a pressure-controlled, pulsatile
(60 bpm) sinusoid fashion at an arterial pressure of 110/70 mm Hg
during 4 h. Cold ischaemia time before NMP ranged from 3.5t0 5.0 h.
For experiments shown in Figs. 3 and 4 and Extended Data Figs. 7-10,
the perfusion circuit used was from EBERS Medical Technology SL
(ArkKidney).

Tissue collection

Six-millimetre cortical punch biopsies from the upper, middle and
lower kidney poles were collected at the end of NMP, and 24 or 48 h after
transplantation of kidneys undergoing NMP with or without organoids.
In addition, biopsies were collected from the contralateral kidneys.
All tissue samples were stored at —80 °C for ulterior experiments for
FACS analysis. Samples for DNA isolation were stored at —80 °C. For
histological analysis, punch biopsies and tissue samples containing
both cortex and medullafromthe upper, middle and lower poles were
collected and immediately fixed in 4% formalin.

Immunohistochemistry

Immunohistochemistry analysis of kidney biopsies was performed
in the Leica Bond RX automatic platform (Leica). Formalin-fixed
paraffin-embedded sections were cut at athickness of 3 um, deparaffi-
nized and subjected to antigen retrieval. After blocking endogenous
peroxidases, samples were incubated with the primary antibody of
interest. Primary antibodies for the detection of CD68, CD15 and
CD45 are detailed in Supplementary Table 4. Next, a horseradish
peroxidase-labelled secondary antibody and diaminobenzidine as
chromogen were used to detect binding of the primary antibody.
Finally, samples were counterstained with haematoxylin. Image acqui-
sition of stained samples was performed using the NanoZoomer 2.0 HT
C9600 digital scanner (Hamamatsu), equipped with a20x objective.
Whole slide images were imported into the NDP.view2 (U12388-01)
Image viewing software”. All the immunohistochemistry images from
which this analysis has been done are included at ref. 75.

Image analysis and quantification

All raw confocal microscope images were processed with the Fiji
ImageJ2 (version 2.3.0) software’ using our in-house macro scripts”.
For optimal image visualization, Z-stacks were projected onto a tiff
image where the background signal was removed, and brightness and
contrast were enhanced. For fluorescent signal quantification, we used
ourin-house macro scripts’. In brief, Z-stacks were projected as asum
of allimage pixel grey values across the stack, and then selection masks
were created at each channel by the SetThreshold tool to measure area
using the Measure tool. The measured areas for each indicated marker

in kidney organoids were normalized to total organoid areas, which
were demarked by the area of 4’,6-diamidino-2-phenylindole (DAPI).
For quantification of CD68, CD15 and CD45 in paraffin sections of
renal biopsies, immunohistochemistry images were analysed using a
custom-built MATLAB code”. In brief, images were loaded, and chan-
nels were splitted. Images were median-filtered, and the channel of
the haematoxylin was subtracted from the channel of the marker to
avoididentification of nuclei.Images were Look-Up Table-inverted and
subsequently thresholded either using im2binarize for CD45 markers
or im2bw in an iterative process when the marker was less present.
Based on the average size of the nuclei, a threshold of 30 pixels was
introduced for the area detected by regionpropsin MATLAB to remove
noise and small nuclei, to ultimately retrieve afinal accurate occupied
area of the analysed markers.

Blood and observations during NMP

Blood samples were collected at basal and indicated timepoints
after transplantation following standard procedures, as previously
described®’. During NMP, renal blood flow was monitored.

Imaging protocol for the detection of kidney organoids
labelled with XenoLight during NMP and after transplantation
For the assessment of kidney organoid distribution ex vivo and after
transplantation, kidneys were studied in IVIS Spectrum (PerkinElmer)
using the 710 excitation/760 emission filter set to detect Xenolight
fluorescence. The fluorescence signal intensities were analysed by
Auralmaging Software (v 4.0.8).

Detection of human genomic DNA in kidney tissue

DNAwasisolated from cortical tissue using a DNeasy Blood & Tissue Kit
(Qiagen) according to the manufacturer’s protocol. Intotal, 10-25 mg of
tissuewasused. The Y chromosome was detected by RT-PCR using prim-
ers directed to the male-specific repeat located on the humanY chro-
mosome (SRY geneloci), SRY F 5’-CATGAACGCATTCATCGTGTGGTC-3’
and SRY R 5-CTGCGGGAAGCAAACTGCAATTCTT-3’, as published

elsewhere®.

Flow cytometry

Cryopreserved cortical kidney biopsies from the NMP experiments
were enzymatically disrupted to single cells using collagenase type IV
(17104019, Thermo Fisher Scientific) for 45 min at 37 °C. SpectroFlo
software was used to acquire flow cytometry samples in the Cytek
Aurora spectral cell analyser. FACS FlowJo software version 10 was
used to analyse the data. Cryopreserved PBMCs were thawed in
RPMI with 20% of FBS in the presence of DNAse (1 mg ml™) (Roche)
and washed twice in Dulbecco’s PBS (DPBS). Cells were suspended
in DPBS for live dead staining using Live/Dead Blue (Thermo Fisher
Scientific) diluted 1:4,000 for 15 min at room temperature. Then,
4-8 x10° cells were stained in staining buffer (DPBS containing 2%
FBS,4 mMEDTA and 0.02% of sodium azide) with extracellular anti-
bodies from Supplementary Table 7inice in the dark for 40 min. After
one wash with staining buffer, cells were fixed and permeabilized
according to the manufacturer’sinstructions using the eBioscience
Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher
Scientific). Cells were stained for Ki-67 antibodies for 40 min onice
in the dark, washed twice and resuspended in staining buffer for
the acquisition. Samples were acquired on a Cytek five-laser Aurora
(Cytek Biosciences) cytometer. Results were analysed using FlowJo
software v10.10 (Tree Star).

Insitu hybridization

After NMP, renal cortex samples from porcine kidneys infused with
kidney organoids and controls (non-infused) were collected and fixed
with 4% paraformaldehyde. Samples were embedded in paraffin fol-
lowing the standard procedure, and 3-pm-thickness sections were
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prepared using a rotary microtome. Tissue sections were deparaffi-
nized in an automated tissue processor following the standard pro-
cedure. Hybridization was performed using a Ventana discovery XT
(Roche). For antigen retrieval samples were treated with Cell Condi-
tioning 2 buffer under mild conditions (5279798001, Roche) followed
by protease 3 incubation for 20 min at 37 °C (5266718001, Roche).
Thereafter, hybridization of the probe Alu-FITC (05278694001,
Roche) was performed for 4 min at 37 °C, 8 min at 85 °C and 64 min
at 47 °C. Then, samples were washed for 4 min at 45 °C with 2x SSC
buffer (05353947001, Roche). Subsequently, samples were incu-
bated with the polyclonal rabbit anti-FITC/HRP (1:500) for 60 min
(P5100, Dako - Agilent). Antigen-antibody complexes were detected
with Liquid DAB + (K3468, Dako - Agilent). Samples were counter-
stained with haematoxylin (CS700, Dako - Agilent) and mounted
with Mounting Medium, Toluene-Free (CS705, Agilent) using a Dako
CoverStainer (Agilent). Images were acquired withaNanoZoomer-2.0
HT C9600 digital scanner (Hamamatsu) equipped with a20x objec-
tive. All images were visualized with a gamma correction set at 1.8
in the image control panel of the NDP.view 2 U12388-01 software
(Hamamatsu, Photonics).

Luminex assay

Serum samples were prepared from whole blood collected from ani-
mals before transplantation (basal) and at different timepoints after
transplantation. Serum samples were used to measure cytokines,
growth factors and inflammatory proteins concentrations using Por-
cine Luminex Discovery Assays (R&D Systems, cat.no. LXSAPM-01and
LXSAPM-07). Assayed markersincluded CD31, CD34, interleukin (IL)-6,
IL-10, IL-1-RA, IL-1F3, IL-1B, IL-1F2 and CRP. In brief, serum samples were
thawed onice, vortexed and cleared at1,000g for 15 minat 4 °C. Sam-
pleswere used both undiluted and diluted 1:2 with the diluent provided
inthekit. Next, 50 pl of each sample or standard were added to a 96-well
assay plate and incubated with 50 pl of antibody-conjugated micro-
particle cocktail for 2 h at room temperature on a microplate shaker
at 800 rpm. Next, three wash steps were performed using a magnetic
plate washer. Captured analytes were then probed with 50 pl of the
biotin-antibody cocktail for 1 h at room temperature under shaking
conditions (800 rpm) and washed three times before treatment with
streptavidin—phycoerythrin (PE) for 30 min. The plate underwent a
final series of washes after which the microparticles were resuspended
inareading buffer. Concentrations of markers were measured on the
Luminex MAGPIX platform with xPONENT software (v 4.3).

Statistics and reproducibility

Alldataare presented asmean + s.d., and other details such as the num-
ber ofreplicates and thelevel of significance are mentioned in the figure
legends. Statistical analysis was done in GraphPad Prism 9 (GraphPad
software)®. Kruskal-Wallis followed by Dunn’s multiple-comparisons
test was used to analyse intergroup differences. Pvalues less than 0.05
were considered statistically significant. All datawere analysed from at
least three individual experiments unless stated otherwise.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The authors declare that all data supporting the findings of this
study are available within the article and its extended data figures
and supplementary tables. sCRNA-seq data are publicly available via
Gene Expression Omnibus (GEO) at http://www.ncbi.nlm.nih.gov/
geo under the accession number GSE229433. For kidney organoids
generated from 8,000 and 100,000 IM-committed spheroids, raw
sequencing data were previously deposited in GEO under the acces-
sion numbers GSM4447249 (8,000 condition)* and GSM4625992

(100,000 condition)®. Reference scRNA-seq data were obtained via
Kidney Interactive Transcriptomics (KIT) webpage at http://hum-
phreyslab.com/SingleCell/ and from previous publications as detailed
inMethods. An OSF link to the immunohistochemistry images for the
detection of CD68, CD15 and CD45, from which quantitative analysis
was done, isincluded (https://osf.io/n7xk4/). Source data are provided
with this paper.

Code availability

The custom code for image analysis and quantification is available
via Zenodo at https://doi.org/10.5281/zenodo.7689048 (ref. 77) and
https://doi.org/10.5281/zenodo.7689082 (ref. 78) and via GitHub at
https://github.com/Roger-Oria (ref. 79).
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Extended Data Fig. 1| Characterization of kidney organoids derived from
0.5-, 8-,100-, and 250-k PIM-commiitted spheroids. a, Representative
bright-field images of day 7 and day 16 kidney organoids derived from 0.5-, 8-,
100-, and 250-k IM-committed spheroids. Scale bars, 250um. b, Representative
hematoxylin and eosin staining of day 16 kidney organoids derived from 0.5-,
8-,100-, and 250-k IM-committed spheroids. Glomerular (*) and tubular (**)

structures are shown. Scale bars, 100pum. ¢, mRNA expression levels of IM-, NPC-

and UB-associated markersin day 2, 5and 7 kidney organoids derived from the
different aggregate conditions. Data are mean + s.d. (technical replicates). Each
sample is a pool of 12 organoids/group with two technical replicates each.

d, Representative immunofluorescence staining for PAX2 (green), Ki67 (red),
ECAD (grey) and DAPI (blue) in day 7 RV-stage organoids derived from 0.5-, 8-,
100-, and 250-k IM-committed spheroids. Scale bars, 200pm, 50pum (magnified
views). e,f,g, Representative immunofluorescence staining in day 16 kidney
organoids derived from 0.5-, 8-,100-, and 250-k IM-committed spheroids for

the detection of e, LAMININ (green), NEPHRIN (red), LTL (grey) and DAPI (blue).
f,LTL (green), WT1(red), PODXL (grays) and DAPI (blue). g, ECAD (green), CD31
(red), PODXL (grays) and DAPI (blue). Scale bars (e,f,g), 200pum, 50pm (magnified
views).Images are representative of three independent experiments.
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Extended Data Fig. 3| See next page for caption.
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Extended Data Fig. 3| Single-cell RNA-seq profiling of kidney organoids
derived from 0.5-, 8-,100-, and 250-k PIM-committed spheroids. a, Violin
plots representing log-normalized UMI gene expression levels for known renal
lineage-associated genes (columns) for the different cell types indicated (rows),
split by conditions. b, UMAPs indicating the log-normalized expression for
selected nephron, collecting duct, endothelial and stromal key marker genes.
Color intensity is scaled per gene. c, mRNA expression levels of SLCI6A1, WTI,
MAFB, PODXL, RET, GATA3 and ENDOGLIN during the time course of kidney
organoid differentiation in 0.5-k (red) compared to 250-k (black) organoids.
Data are mean = s.d. (technical replicates). Each sample is a pool of 12 organoids/
group with two technical replicates each. d, Differentially expressed genes

(DEGs) in 0.5-k organoids against 250-k organoids considering only the podocyte
cell types. In the volcano plot, the x-axis indicates log2 fold change (FC) and the
y-axisindicates statistical significance with the -log10(p-value) Genes with an
adjusted p-value <0.05 are considered upregulated (red) if the log2FCis > 0.1

and downregulated (blue) if the log2FC <is -0.1. Non DEG are shown in grey. e,
Kidney organoids were stained with fluorescein-conjugated LTL (FL-1321, Vector
Laboratories) to label proximal tubule cells, dissociated to single cells and
analyzed by flow cytometry (FACS). f, Representative histograms representing
the overlay of live cells and LTL positive cells from seven independent cell sorting
experiments.
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Extended DataFig. 4| Generation of WT1-GFP reporter hPSCline using an
inducible CRISPR/Cas9 system in hPSCs. a, Schematics for the pRR-Puro
plasmid used as a selector of HDR-mediated insertions. This vector contains the
WTI1KI-R Cr4 sgRNA protospacer sequence together with the corresponding
PAM sequence flanked by a prematurely terminated 5’ end puromycin (puro)-
resistance sequence and acomplete puromycin coding sequence (CDS) witha
stop codon (UAA) replacing the start codon. After the introduction of DSB by WT1
KI-R Cr4/Cas9 complexes, HDR between the homologous stop codon sequences
results in the generation of functional puro-resistance expression. b, Workflow
scheme for the generation of ES[4] WT1-T2A-GFP reporter cell line. First, the
sgRNAs, the pDonor plasmid (pD) and the pRR-puro plasmid (pRR) were co-
nucleofected in DOX- treated ES[4]iC2/+ 51. After nucleofection, cells are plated
inthe absence of puromycin as single cells to allow clonal colony growth. After
48 hours, cells are treated with puromycin to select the resistant targeted cells.
Resistant colonies are manually picked based on morphology and genomic DNA
issubsequently extracted for PCR colony screening. ¢, Schematics of the pDonor
plasmid (WT1-T2A-GFP donor plasmid). Cloning into the pD empty vector was
performed using restriction digestion followed by T4 ligation of relevant DNA
fragments including PCR products from WT15’ and 3’ homology arms at each
side of WT1stop codon and a PCR product from a T2AGFP expression cassette.
d, Representation of the PCR genotyping strategy to identify WT1 wild-type (wt)
and WT1-T2A-GFP targeted alleles. The wt PCR primers were designed within

the 5’and 3’ homology arms (HA) of the WT1locus, and the expected product
was 234bp. The PCR primer pairs toidentify the 5’ and 3’ ends of the WT1-T2A-
GFPintegrated sequence were designed outside the 5’ and 3’ homology arms
(HA) and within the GFP sequence. The expected sizes for the 5’and 3’ PCR

products were 584bp and 464bp, respectively. After this first screening positive
clones were subjected to asecond PCR screening in which wt, 5 and 3’ PCRs

were performed. Only one clone, clone F9, was positive for both 5 and 3’ PCR,
indicating the correct integration of the donor plasmid. e, Live imaging of kidney
organoids generated from the WT1-GFP reporter hPSC line at day 5,7 and 16

of differentiation for the detection of the GFP reporter expression. Scale bars,
200um. f, Representative immunofluorescence staining for GFP (green), WT1
(grays), and DAPI (blue) in day 16 kidney organoids derived from the WT1-GFP
reporter hPSCline. Scale bars, 200um, 50pm (magnified view). g, Quantification
of GFP" cells during the time course of kidney organoid differentiation from the
WT1-GFP reporter hPSC line by FACS analysis. h, Gating strategy for cell sorting of
GFP* cells from day 16 kidney organoids derived from the WT1-GFP reporter hPSC
line. Numbersin outlined areaindicate percent GFP* cells. i, mRNA expression
levels of GFP, WT1,SLC3A1and NPHS2in the sorted GFP" and GFP" cell fractions
from day 16 kidney organoids derived from the WT1-GFP reporter hPSCline.
Data are mean = s.d. (technical replicates). Each sample is a pool of 12 organoids/
group with two technical replicates each. j, Representative bright field images

of 0.5-Ks kidney organoids derived from hiPSC by the microwell culture system
onday2,7and16 of differentiation. Scale bars, 100pum. k, I, Representative
immunofluorescence staining of day 16 hiPSC-kidney organoids generated by
the microwell culture system for the detection of LAMININ (green), NEPHRIN
(red), LTL (grays) and DAPI (blue) in (k), and ECAD (green), CD31 (red), PODXL
(grays) and DAPI (blue) in (I). Scale bars (k, 1), 200pm, 100pum (magnified view in
k), 50pm (magnified view in I). Images are representative of three independent
experiments.
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Extended Data Fig. 5| Infusion of intact kidney organoids during ex vivo NMP
in porcinekidneys. a, Experimental scheme for infusion of kidney organoid
during exvivo NMP in porcine kidneys. b, Photograph of the homemade NMP
setup used during porcine kidney perfusion. ¢, Photograph of a porcine kidney
during NMP. d, Arterial flow (mL/min/100 g) of the three experimental groups
during NMP (mean +s.d.), mock n=2kidneys, high dose n=1kidney, low dose n=
3 kidneys. The yellow arrow indicates the time of organoid infusion. e, Sodium
concentration (Na+) (mmol/L). f, Fractional excretion (FE) of sodium (FENa+)

(%) and area-under-the curve (AUC). g, Creatinine clearance (mL/min/100g)

and AUC. h, Lactate dehydrogenase (LDH) levels (U/L) and AUC.1i, Aspartate

aminotransferase (ASAT) levels (U/L) and AUC. Ind-i, Data are mean +s.d. mock
n=2kidneys, high dose n=1kidney, low dose n=3 kidneys. j,k, Detection of Alu
repeat sequences of human DNA present in formalin fixed paraffin sections

of porcine renal cortex by in situ hybridization. Images correspond to kidneys
after infusion of intact kidney organoids during ex vivo NMP at high (j) and low
(k) dose, respectively. n = 3 cortical punch biopsies were analyzed from one
experiment at high dose and three independent experiments at low dose, with
similar results. Arrowheads indicate Alu” cells in glomerular structures. Scale
bars, 2mm, 50pm (magnified views).
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kidneys infused with organoid disaggregated cells during NMP. The yellow arrow
indicates the time of organoid infusion. d, Sodium concentration (mmol/L).
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Extended Data Fig. 7 | Engraftment of kidney organoids in porcine kidneys
during exvivo NMP. a, Kidney organoids were obtained by the microwell

culture approach and day 16 intact organoids were labeled with a fluorescent
dye, namely Xenolight, before infusion into porcine kidneys during ex vivo

NMP. b, Representative bright field and confocal images of day 16 kidney
organoids labelled with Xenolight. Scale bars, 500pum, 200pm (magnified views).
Percentage of positive cells analyzed by flow cytometry in kidney organoids
labelled with Xenolight was 62.5%, in front of other common cell membrane
fluorescent dyes: Qtracker 655 (12.5% positive cells), Qtracker 800 (20.9%
positive cells) and IVISense 680 (68.4% positive cells). Images are representative
ofthree independent experiments. ¢, Experimental scheme for infusion of kidney
organoids during ex vivo NMP in porcine kidneys. d, Photograph of the EBERS
NMP setup used during porcine kidney perfusion. e, Photograph of a porcine
kidney during NMP at the time of human kidney organoid infusion. f, Arterial
flow (mL/min/100 g) of the kidney infused with organoids during NMP. The
yellow arrow indicates the time of organoid infusion. g, Lactate dehydrogenase
(LDH) levels (U/L) during NMP. h, Sodium concentration (mmol/L). i, Fractional
excretion (FE) of sodium (FENa+) (%). j, Creatinine clearance (mL/min/100g).

k, Aspartate aminotransferase (ASAT) levels (U/L). In f-k, n=1kidney infused

with organoids during NMP (NMP #0 + org). 1, IVIS fluorescent images of a

kidney infused with Xenolight-labeled kidney organoids during ex vivo NMP
(NMP#0 +org). Non-perfused contralateral kidney was used as control (CTL).
Whole and coronal organ views are shown. m, Quantification of the average
radiant efficiency (photons/s/cm?/sr) from the IVIS images in panel f (NMP #0
+org; n=I). Data are mean +s.d. n, Detection of Alu repeat sequences of human
DNA by in situ hybridization in formalin fixed, paraffin sections of porcine renal
cortex from akidney infused with kidney organoids during ex vivo NMP (NMP
#0 +org) (n=1).Scale bars, 2mm (whole slide image), 50pum (magnified views).

n =3 cortical punch biopsies from one kidney were analyzed with similar results.
Immunofluorescence and confocal images in consecutive paraffin sections

for the detection of ECAD (grays), LTL (green), KIM-1 (red) and DAPI (blue) are
shown. Scale bars, 2mm (whole slide image), 100pum (magnified views #1to
#5),200pm (magnified view #6), S0pum (closer magnified views). n =3 cortical
punch biopsies from one kidney were analyzed with similar results. Dashed lines
indicate areas containing cells of human origin. Yellow asterisks indicate KIM-1
positive tubuli. 0, Quantification of the percentage of Xenolight positive cells by
flow cytometry in renal cortical tissue from organoid-infused kidneys after NMP.
Data are mean +s.d. n=4 biopsy samples from one kidney (NMP #0 + org) were
analyzed.
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Extended Data Fig. 8 | Invivo transplantation of porcine kidneys treated with
organoids. a, Photograph of the kidney 24h post-transplantation (NMP #2 + org
+24h Tx). b, Photograph of the kidney 48h post-transplantation (NMP #2 + org
+48h Tx). ¢, Sodium concentration (mmol/L).d, FE of sodium (FENa+) (%) area-
under-the curve (AUC). e, Creatinine clearance (mL/min/100g) and AUC.

f, Aspartate aminotransferase (ASAT) levels (U/L) and AUC. In c-f, n= 6 kidneys
were infused with organoids (NMP #1, #2, #3 + org + 24h Tx and NMP #4, #5, #6 +

org+48h Tx) and n=1kidney was not infused with organoids (Mock) during NMP.

g, IVIS fluorescent images of kidneys infused with kidney organoids during

exvivo NMP following reimplantation in pigs for 24h. n=2 (NMP #2, #3 + org + 24h
Tx). Non-perfused contralateral kidneys are also shown (CTL). Whole and coronal
organ views are shown. h,i, Detection of Alu repeat sequences of human DNA by
insitu hybridization in formalin fixed paraffin sections of porcine renal cortex
from kidneys 24h (h) and 48h (i) post-transplantation. n = 3 cortical
punchbiopsies were analysed from three independent experiments showing
similar results. Arrowheads indicate Alu® cellsin glomerular structures.

Asterisks indicate Alu’ cellsin vascular structures. Scale bars, 2mm, 50pm
(magnified views).
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Extended Data Fig. 9 | Human cell detection and biochemical analysis
inreimplanted animals. a, Electrophoresed PCR products showing band

sized 254bp for the detection of SRY (Y chromosome) in biopsy samples from
organoid-infused kidneys before and after in vivo transplantation compared to
the correspondent contralateral kidney biopsy samples. n=3 NMP +org +24h Tx
(NMP #1, #2, #3 + org + 24h Tx) and n=3 NMP + org + 48h Tx (NMP #4, #5, #6 + org

+48h Tx), and n=1NMP + org (NMP #0 + org) b, Blood and ¢, urine biochemical

+42h +18h +24h +42h

analysis performed in pigs before (t0, basal) and after reimplantation (Tx).n=3
animals reimplanted with organoid-treated kidneys for 24h (NMP #1, #2, #3 + org
+24h Tx) and n=3 animals reimplanted with organoid-treated kidneys for 48h
(NMP #4, #5, #6 + org + 48h Tx). Kruskal-Wallis (two-sided) followed by Dunn’s
multiple comparisons test. p values for statistically significant comparisons
areshown.
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Extended Data Fig. 10 | Systemic inmune response after invivo
transplantation of porcine kidneys infused with human kidney organoids.
a, Flow cytometry gating strategy for analyzing peripheral blood mononuclear
cells of pigs at different timepoints after in vivo transplantation (Tx) were
analyzed by flow cytometry. b, Levels of total CD3 lymphocytes, CD4, CD8 or
monocytes as percentage of total CD45 cells were analyzed at times 0, 24 and
48 hours. ¢, Proliferating levels of CD3 lymphocytes, CD4, CD8 or monocytes
by the expression of Ki-67 at times 0, 24 and 48 hours. Each line represents a
single pig. Inb,c, n=>5 control (non-transplanted animals), n=4 transplanted
animals. Mann-Whitney (two-sided) test was used to compare between the 2
experimental groups at 0,24 and 48 hours, no statistical differences were found.

Paired Wilcoxon matched-pairs signed rank (two-sided) test was used to analyze
changes inside the same group at 0,24 and 48 hours, no statistical differences
were found. P-values less than 0.05 were considered statistically significant.

d, Serum levels of CD31, CD34, 1L6, 1L10, IL1-ra, IL1B and C reactive protein
measured by Luminex. n=1control (non-transplanted animals), n=4
transplanted animals. Paired Wilcoxon matched-pairs signed rank (two-sided)
test was used to analyze changesinside the transplanted group at 0, 24 and

48 hours, no statistical differences were found. Unpaired Mann-Whitney test
(two-sided) was also used to analyze changes inside the transplanted group at
0,24 and 48 hours, *p=0.0286 (0, 24h). p-values less than 0.05 were considered
statistically significant.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
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|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  SpectroFlo® software was used for flow citometry. NanoZoomer-2.0 HT C9600 digital scanner (Hamamatsu) equipped with a 20X objective
was used for histology image acquisition. Cell*D (v 3.2) and LAS EZ (v 3.4.0) were used for optical microscopy. Design nand Analysis
QuantStudio Real time PCR software (v 1.5.2) was used for qPCR data collection. NiS elements (v 5.42.04) and ZEN Black (v 2.3) were used for
confocal microscopy. IVIS Spectrum (Perkin Elmer) using the 710 ex/760 em filter was used to detect Xenolight fluorescence.

Data analysis FlowJoTM (v 10.10) was used for flow cytometry data analysis.
Seahorse wave desktop software (v 2.6) was used for OCR data collection and analysis.
The NDP.view 2 U12388-01 software (Hamamatsu, Photonics, France) was used for histological analysis after immunohistochemistry and FISH.
Microsoft excel (v 16.81 or greater) was used for gPCR and NMP data analysis.
Graphpad Prism (v. 9.4.1) was used for graphing and statistical analysis.
Indel frequency in hPSC edited pools was obtained by analyzing trimmed FASTQ reads using CRISPResso2 (v 2.2.7) software.
Cell Ranger (v 3.0.1), R package Seurat (v 4.0.5), scDblFinder (v1.9.4), R package enrichR (v3.0) were used for scRNA-seq data analysis as
described in the Methods. cDNA libraries were pre-processed using Cell Ranger (3.0.1) from 10X Genomics (http://10xgenomics.com). Reads
from each sample were aligned to the reference human genome (GRch38) downloaded from the 10X Genomics website (version 3.0.0,
corresponding to Ensembl v93 annotation).
IVIS image analysis was performed using Aura Imaging Software® (v 4.0.8).
Luminex MAGPIX platform with xPONENT® software (v 4.3) was used for the milliplex assay.
All raw confocal microscope images were processed with the Fiji Imagel2 (version 2.3.0) software (https://imagej.net/software/fiji/) using our
in-house macro scripts (https://doi.org/10.5281/zenodo.7689048). For optimal image visualization, Z-stacks were projected onto a tiff image
where the background signal was removed, and brightness and contrast were enhanced. For fluorescent signal quantification we used our in-
house macro scripts (https://doi.org/10.5281/zenodo.7689082). A description of the procedures is available in Methods section of the
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manuscript.
For quantification of CD68, CD15 and CD4S5 in paraffin sections of renal biopsies, immunohistochemistry images were analyzed using a
custom-build Matlab code (https://github.com/Roger-Oria).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The authors declare that all data supporting the findings of this study are available within the Article and its Extended Data figures and Supplementary tables.
Source data are provided with this paper. scRNA-Seq data are publicy available in Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo) under the
accession number GSE229433. For kidney organoids generated from 8-Ks and 100-Ks IM-committed spheroids, raw sequencing data were previously deposited in
GEO under the accession numbers GSM4447249 (8-Ks condition) and GSM4625992 (100-Ks condition). Reference scRNA-seq data was obtained from the KIT
(Kidney Interactive Transcriptomics) webpage [http://humphreyslab.com/SingleCell/] and from previous publications as detailed in Methods section in this study. An
OSF link to the immunohistochemistry images for the detection of CD68, CD15 and CD45, from which quantitative analysis was done is included (https://osf.io/
n7xk4/).
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Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Not applicable

Reporting on race, ethnicity, or  Not applicable
other socially relevant

groupings

Population characteristics Not applicable
Recruitment Not applicable
Ethics oversight Not applicable

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
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|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to determine sample size. All sample sizes, statistical tests and P values (when applicable) are indicated in
the figure legends. All data were analysed from at least 3 individual experiments unless stated otherwise.
For in vitro experiments, pools of 12 organoids were analyzed at the time points and conditions indicated in the manuscript for each
experiment. Sample size was determined based on previous studies in the field.
Relevant citations include:
- Garreta E, Prado P, Tarantino C, Oria R, Fanlo L, Marti E, Zalvidea D, Trepat X, Roca-Cusachs P, Gavalda-Navarro A, Cozzuto L, Campistol JM,
|zpistia Belmonte JC, Hurtado Del Pozo C, Montserrat N. Fine tuning the extracellular environment accelerates the derivation of kidney
organoids from human pluripotent stem cells. Nat Mater. 2019 Apr;18(4):397-405. doi: 10.1038/s41563-019-0287-6. Epub 2019 Feb 18.
PMID: 30778227; PMCID: PMC9845070.
- Garreta E, Prado P, Stanifer ML, Monteil V, Marco A, Ullate-Agote A, Moya-Rull D, Vilas-Zornoza A, Tarantino C, Romero JP, Jonsson G, Oria R,
Leopoldi A, Hagelkruys A, Gallo M, Gonzalez F, Domingo-Pedrol P, Gavalda A, Del Pozo CH, Hasan Ali O, Ventura-Aguiar P, Campistol JM,
Prosper F, Mirazimi A, Boulant S, Penninger JM, Montserrat N. A diabetic milieu increases ACE2 expression and cellular susceptibility to SARS-
CoV-2 infections in human kidney organoids and patient cells. Cell Metab. 2022 Jun 7;34(6):857-873.e9. doi: 10.1016/j.cmet.2022.04.009.
Epub 2022 May 12. PMID: 35561674; PMCID: PMC9097013.




For ex vivo NMP: For experiments shown in Extended Data Fig. 5 and Extended Data Fig. 6, in the first group kidneys underwent 3h of NMP
without organoid infusion (n=2). In the second group kidneys underwent 3h of NMP with organoid infusion at low dose (36 organoids/gr of
renal tissue; n= 3). In the third group kidneys underwent 3h of NMP with organoid infusion at high dose (154 organoids/gr of renal tissue; n=
1). In the fourth group kidneys underwent 3h of NMP with infusion of cells obtained by enzymatic dissociation of organoids (n=2). Punch
biposies (n=3) and tissue samples containing both medulla and cortex (n= 3) were analyzed per kidney. Sample size was determined based on
previous studies in the field. For in vivo transplantation experiments, shown in Fig. 3, and Extended Data Fig. 7 to Extended data Fig. 10,
kidneys from female laboratory pigs (Hybrid Landrace/Large White crossbreed; 12 to 14 weeks of age; n= 7 animals) were randomly assigned
to three experimental groups. All the groups were subjected to a phase of organ conditioning (30 min). In the non-transplanted group, a
kidney underwent 3h of NMP with organoid infusion (n=1). In the second and third experimental groups kidneys underwent 3h of NMP with
organoid infusion followed by autotransplantation and graft retrieval at 24 h (n=3) or 48 h (n=3) after transplantation, respectively. Punch
biopsies (n=3) and tissue samples containing both medulla and cortex (n= 3) were analyzed per kidney. Sample size was determined based on
previous studies in the field.

Relevant citations include:

- Clavien, P.-A. et al. Transplantation of a human liver following 3 days of ex situ normothermic preservation. Nat Biotechnol 40, 1610-1616
(2022).

- Pool, M. B. F., Hartveld, L., Leuvenink, H. G. D. & Moers, C. Normothermic machine perfusion of ischaemically damaged porcine kidneys with
autologous, allogeneic porcine and human red blood cells. PLoS One 15, (2020).

- Lohmann, S. et al. A Pilot Study of Postoperative Animal Welfare as a Guidance Tool in the Development of a Kidney Autotransplantation
Model with Extended Warm Ischemia. Transplant Direct 5, (2019).

- de Haan, M. J. A. et al. A cell-free nutrient-supplemented perfusate allows four-day ex vivo metabolic preservation of human kidneys. Nat
Commun 15, 3818 (2024).

Data exclusions  No data were excluded from the analyses.

Replication In vitro experimental findings were reproduced independently at least two times. All attempts at replication were successful. To ensure the
reproducibility of our methodology for generating kidney organoids, we used a human embryonic stem cell (hESC) line and a human induced
pluripotent stem cell line. Ex vivo NMP and in vivo experimental findings were reproduced independently at least two times.

Randomization  Cells/organoids were chosen at random for measurements within each condition. For in vivo transplantation experiments, animals were
allocated randomly into experimental groups.

Blinding Blinding was not used during data collection and analysis in experiments that did not involve direct comparisons between groups. Blinding
was used for quantitative measurements comparing different conditions or for the detection of Alu positive cells, in which data analysis was
carried out using a custom-made code (Fig. 1c,j; Fig. 3g,h; Fig. 4d; Extended Data Fig. 5j,k; Extended Data Fig. 6i; Extended Data Fig. 7n;
Extended Data Fig. 8h,i).

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
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Eukaryotic cell lines |:| Flow cytometry
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Antibodies

Antibodies used Antibodies and other staining reagents used for immunocytochemistry/ immunohistochemistry:
PAX2 (R&D Systems, Cat# AF3364, polyclonal, Lot# XOT0215072, Dilution 1:20);
LHX1 (R&D Systems, Cat# MAB2725 RRID:AB_2135636, # 320416, Lot# XMP0321121, Dilution 1:9);
WT1 (Abcam, Cat# ab89901, clone CAN-RS(IHC)-56-2, Lot# GR177328-54, Dilution 1:100);
ECAD (BD Bioscience, Cat# 610181, clone 36/E-cadherine, Lot# 7187865, Dilution 1:50);
PODXL (R&D Systems, Cat# BAF1658, polyclonal, Lot# JLV0112111, Dilution 1:25);
NEPHRIN (R&D Systems, Cat# AF4269, polyclonal, Lot# ZMU0114031, Dilution 1:300);
CD31 (Abcam, Cat# ab28364, polyclonal, Lot# GR31176844-16, Dilution 1:50);
Laminin (Sigma, Cat# L9393, polyclonal, Lot# 028M4890V, Dilution 1:50);GATA3 (Cell Signalling, Cat# 5852S
RRID:AB_10835690,D13C9, Lot# 6, Dilution 1:300);
GFP (Aves, Cat# GFP-1020 RRID:AB_10000240, polyclonal, Lot# GFP3717982, Dilution 1:250);
Ki67 (Abcam, Cat# ab15580 RRID:AB_443209, polyclonal, Lot# GR3445754-1, Dilution 1:500);
NANOG (R&D Systems, Cat# AF1997 RRID:AB_355097, polyclonal, Lot# KKJ0922031, Dilution 1:25);
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Validation

TIM-1/KIM-1/HAVCR R&D AF 1750 RRID:AB_2795238 Polyclonal 1:300

CD68 Agilent M081401-2 RRID:AB_2750584, cloe KP1 1:100

CD15 Agilent GA06261-2 Carb-3 Ready to use

CD45 Bio-RAD MCA1222GA RRID:AB_3100021, clone K252.1E4 1:100

Biotinylated Lotus Tetragonolobus Lectin (LTL) (Vector Laboratories, Cat# B-1325, Lot# ZC2428, Dilution 1:200)
Fluorescein labeled LTL (Vector Laboratories, Cat# FL-1321, Lot# ZC0914, Dilution: 1:500)

Secondary Antibodies:

Anti-Goat Alexa Fluor 488-conjugated (Jackson ImmunoResearch, Cat# 705-545-147; RRID:AB_2336933, Dilution 1:200);
Anti-Goat 1gG Alexa Fluor 555-conjugated (Fisher Scientific, Cat# A-21432; RRID:AB_2535853, Dilution 1:200;
Anti-rabbit 1gG Alexa fluor 488-conjugated (Fisher Scientific, Cat# A21206; RRID:AB_2535792, Dilution 1:200);
Anti-rabbit 1gG Alexa fluor 555-conjugated (Fisher Scientific, Cat# A-31572; RRID:AB_162543, Dilution 1:200;
Anti-Mouse 1gG CyTM3-conjugated (Jackson ImmunoResearch, Cat# 715-165-151; RRID:AB_2315777, Dilution 1:200);
Anti-Sheep IgG Alexa Fluor 555-conjugated (Fisher Scientific, Cat# A-21436; RRID:AB_2535857, Dilution 1:200;

Dylight 649 Streptavidin (Vector Labs, Cat# SA-5649; RRID:AB_2336421, Dilution 1:200);

Alexa Fluor 488-conjugated streptavidin (Vector Laboratories, Cat# SA5488, Lot# ZD0313, Dilution: 1:50);

Antibodies and other staining reagents used for flow cytometry:

IVISense DiR 750 Fluorescent Cell Labeling Dye-Xenolight, 125964, Perkin Elmer.
IVISense 680 Fluorescent Cell Labeling Dye (NEV12001, Perkin Elmer).

Qtracker 655 (Cell Labelling kits, Thermo Fisher Scientific, Landsmeer, Netherlands)
Qtracker 800° (Cell Labelling kits, Thermo Fisher Scientific, Landsmeer, Netherlands).
DAPI (Invitrogen, D1306).

CD45, clone K252-1E4, FITC, Bio-Rad ,dilution 400

CD3, clone PPT3, StarBright Violet 515, Bio-RAD, dilution 25

CD4, clone 74-12-4 , PE-Cy7, BD Biosciences, dilution 400

CD8a, clone 76-2-11, PE, BD, dilution 200

CD14, clone TUK4, APC-Fluor 750, Thermo Fisher, dilution 24

CD16, clone G7, StarBright Violet 570 Bio-RAD, dilution 50

Ki-67, V450, dilution 400

Antibodies and other staining reagents used for in situ hybridization:
Alu-FITC (05278694001, Roche)
Polyclonal Rabbit Anti-FITC/HRP (1:500) (P5100, Dako — Agilent).

Antibody validations for the species and assay used were performed by antibody suppliers as described in the manufacture's web
page, or were published in previous studies. Relevant articles are:

- Garreta E, Prado P, Tarantino C, Oria R, Fanlo L, Marti E, Zalvidea D, Trepat X, Roca-Cusachs P, Gavalda-Navarro A, Cozzuto L,
Campistol JM, Izpista Belmonte JC, Hurtado Del Pozo C, Montserrat N. Fine tuning the extracellular environment accelerates the
derivation of kidney organoids from human pluripotent stem cells. Nat Mater. 2019 Apr;18(4):397-405. doi: 10.1038/
s41563-019-0287-6. Epub 2019 Feb 18. PMID: 30778227; PMCID: PMC9845070.

- Garreta E, Prado P, Stanifer ML, Monteil V, Marco A, Ullate-Agote A, Moya-Rull D, Vilas-Zornoza A, Tarantino C, Romero JP, Jonsson
G, Oria R, Leopoldi A, Hagelkruys A, Gallo M, Gonzéalez F, Domingo-Pedrol P, Gavalda A, Del Pozo CH, Hasan Ali O, Ventura-Aguiar P,
Campistol JM, Prosper F, Mirazimi A, Boulant S, Penninger JM, Montserrat N. A diabetic milieu increases ACE2 expression and cellular
susceptibility to SARS-CoV-2 infections in human kidney organoids and patient cells. Cell Metab. 2022 Jun 7;34(6):857-873.e9. doi:
10.1016/j.cmet.2022.04.009. Epub 2022 May 12. PMID: 35561674; PMCID: PMC9097013.

- Garreta E, Moya-Rull D, Stanifer ML, Monteil V, Prado P, Marco A, Tarantino C, Gallo M, Jonsson G, Hagelkruys A, Mirazimi A,
Boulant S, Penninger JM, Montserrat N. Protocol for SARS-CoV-2 infection of kidney organoids derived from human pluripotent stem
cells. STAR Protoc. 2022 Dec 16;3(4):101872. doi: 10.1016/j.xpro.2022.101872. Epub 2022 Nov 7. PMID: 36595951; PMCID:
PMC9637521.

- Kalchenko et al., Use of lipophilic near-infrared dye in whole-body optical imaging of hematopoietic cell homing. Journal of
Biomedical Optics, September/October 2006, Vol 11(5).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Human pluripotent stem cell lines:

All the human pluripotent stem cell lines used in this study were obtained after the approval of Ethics Committee from the
Clinical Translational Program for Regenerative Medicine in Catalonia (P-CMR [C]) and the Comisién de Seguimiento y Control
de la Donacién de Células y Tejidos Humanos del Instituto de Salud Carlos Il (project numbers: 0036/3897/2015;
0336/1123/2021; 0336/2723/2021; 336/165/2022; 9067/487286/2022). ES[4] hESC and CBiPSsv-4F-40 were obtained from
The National Bank of Stem Cells (ISCIII, Madrid). Information on cell line sources used in this study is also provided in the
Methods section of the manuscript.

Human pluripotent stem cell lines:

Human embryonic stem cells (ES[4] hESC line; https://www.isciii.es/QueHacemos/Servicios/BIOBANCOS/BNLC/Lists/Lneas%
20embrionarias/Attachments/41/Caracteristicas%20-%20ES4.pdf) and human induced pluripotent stem cells (CBiPSsv-4F-40
line; https://hpscreg.eu/cell-line/ESi007-A) were authenticated in their lab of origin through the expression of pluripotency-

associated markers, and in vitro and in vivo differentiation assays towards lineages of the three embryonic layers. The WT1
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reporter cell line was established in the ES[4] hESC background. The line has been characterized in this study.

Mycoplasma contamination All cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Female laboratory pigs (Hybrid Landrace/Large White crossbreed; 12 to 14 weeks of age) weighing approximately 50 kg were used
for autotransplantation.

The study does not involve wild animals.

Female laboratory pigs were used for autotransplantation.

The study does not involve samples collected from the field.

Female laboratory pigs (Hybrid Landrace/Large White crossbreed; 12 to 14 weeks of age) weighing approximately 50 kg were used
for autotransplantation. All animal care and procedures followed guidelines by the European Union (directive 2010/63/EU) and local
regulations. The study was approved by the Ethical Committee of Animal Experimentation of the University Hospital Complex of A

Corufa (reference-number 15002/2023/04). All personnel involved had Federation of European Laboratory Animal Science
Associations licenses.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

Flow Cytometry

Not applicable

Not applicable

Not applicable

Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|Z| All plots are contour plots with outliers or pseudocolor plots.

|Z| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Fig. 1k:

Kidney organoids were stained with fluorescein-conjugated LTL (FL-1321, Vector Laboratories) for 4 hours. Kidney organoids
were then dissociated to single cells using accumax (07921, Stem Cell Technologies) for 15 min followed by 0.25% (wt/

vol) trypsin (25300-054, Life Technologies) for 15 min at 372C.

Fig. 3i and Extended Data Fig. 70:

Kidney organoids were stained using 50 pug/ml of Xenolight 750 for 30 min according to the methodology described in the
Methods section of the manuscript. Kidney organoids were then dissociated to single cells using Accumax (07921, Stem Cell
Technologies) for 15min at 372C and Trypsin-EDTA 0.25% (wt/vol) trypsin (25300-054, Life Technologies) for additional 15
min at 372C. Cryopreserved cortical kidney biopsies from the NMP experiments were enzymatically disrupted to single cells
using collagenase type IV (17104019, Thermo Fisher) for 45min at 37°C.

Figure 4 and Extended Data Fig.10:

Cryopreserved PBMCs were thawed in RPMI with 20% of FBS in the presence of DNAse (1mg/ml) (Roche) and washed twice
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in DPBS. Cells were suspended in DPBS for live dead staining using Live/Dead Blue (Thermo Fisher Scientific) diluted 1:4000
for 15 minutes at room temperature. Then 4-8:1076 cells were stained in staining buffer (DPBS containing 2% FBS, 4mM
EDTA and 0.02% of sodium azide) with extracellular antibodies in ice in the dark for 40 min. After one wash with staining
buffer cells were fix and permeabilized according to manufacturer instructions using the eBioscience™ Foxp3 / Transcription
Factor Staining Buffer Set (Thermo Fisher Scientific). Cells were stained for Ki-67 antibodies for 40 minutes in ice in the dark,
washed twice and resuspended in staining buffer for the acquisition. Samples were acquired on a Cytek™ 5-laser Aurora
(Cytek Biosciences) cytometer. Results were analyzed using FlowJo software v10.10 (Tree Star Inc).

Instrument Cytek® Aurora spectral cell analyzer was used to acquire flow cytometry samples (Fig. 3i; Extended Data Fig. 70).
Cytek™ S-laser Aurora (Cytek Biosciences) cytometer was used to acquire flow cytometry samples in Figure 4 and Extended
Data Fig. 10.

Software SpectroFlo® software was used to acquire flow cytometry samples in the Cytek® Aurora spectral cell analyzer. FlowJo

software version 10 was used to analyze these data.

Cell population abundance The abundance of the Xenolight 750 positive cell population was also confirmed by the detection of Xenolight 750 positive
cells by confocal microscopy.

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<

Gating strategy Fig. 1k:
For analysis of LTL-FITC positive and negative cell fractions, cells were first gated on a SSC-A versus
FSC-A plot, the polulation from which was then gated on singlets (FSC-W versus FSC-A plot), the population from which was
then gated on the LIVE/DAD negative population (LIVE/DEAD versus FSC-A plot), the population from which was then
analyzed on a plot of autofluorescence (AU) versus LTL-FITC.
Fig. 3i and Extended Data Fig. 70:
For assessment of Xenolight 750 staining, cells were first gated on an SSC-A versus FSC-A plot, the population from which was
then gated on the LIVE/DEAD negative population (LIVE/DEAD versus FSC-A plot), the population from which was then
analyzed on a plot of SSC-A versus Xenolight 750.
Figure 4 and Extended Data Fig. 10:
Flow cytometry gating strategy for analyzing peripheral blood mononuclear cells of pigs at different timepoints after in vivo
engraftment is shown in Extended Data Fig. 10a.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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