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Differentiated kidney organoids from induced pluripotent stem cells hold promise as a treatment for patients
with kidney diseases. Before these organoids can be translated to the clinic, shortcomings regarding their cellular
and extracellular compositions, and their developmental plateau need to be overcome. We performed a prote-
omic analysis on kidney organoids cultured for a prolonged culture time and we found a specific change in the
extracellular matrix composition with increased expression of types 1al, 2 and 6al collagen. Such an excessive
accumulation of specific collagen types is a hallmark of renal fibrosis that causes a life-threatening pathological
condition by compromising key functions of the human kidney. Here we hypothesized the need for a three-
dimensional environment to grow the kidney organoids, which could better mimic the in vivo surroundings of
the developing kidney than standard culture on an air-liquid interface. Encapsulating organoids for four days in
a soft, thiol-ene cross-linked alginate hydrogel resulted in decreased type 1al collagen expression. Furthermore,
the encapsulation did not result in any changes of organoid structural morphology. Using a biomaterial to
modulate collagen expression allows for a prolonged kidney organoid culture in vitro and a reduction of abnormal
type lal collagen expression bringing kidney organoids closer to clinical application.

1. Introduction alternative solution in the form of a kidney organoid developed in vitro

that could serve as a functional engraftment to the dysfunctional kidney

With chronic kidney disease (CKD) reaching epidemic proportions
(affecting 11-13% of the worldwide population), there is an increasing
need for regenerative strategies for end-stage renal diseases [1]. There
are currently two million people depending on dialysis with no option
for renal transplantation [2], and the few who are eligible for kidney
transplants face a high chance of rejection, therefore further diminishing
the number of successful treatments [2,3].

One regenerative medicine-based approach is to provide an

[4,5]. For example, by using human induced pluripotent stem cells
(hiPSCs), patient-specific solutions can be generated. Using knowledge
of development, hiPSCs have been directed into organoid cultures that
are being employed as model systems for various human organs [6],
including the mimic of kidney organogenesis to generate renal organo-
ids [7-11]. Despite these major breakthroughs, there are still challenges
with the current state-of-the-art and their therapeutic suitability [12].
For instance, while the kidney organoids recapitulate many of the
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structural elements observed in a developing human kidney, they still
face immaturity at both a transcriptional [13] and morphological level
[14].

Here we show that prolonging kidney organoid culture in vitro does
not improve organoid maturity but instead negatively affects the
extracellular matrix (ECM) formation, characterized by the increase of
specific types of collagens, such as types 1al, 2, and 6al, which are
hallmarks of fibrosis. Such extracellular modifications have been asso-
ciated with pathological conditions ultimately compromising key renal
functions, such as blood filtration and urine production [15-17]. We
therefore aimed to address the aberrant ECM formation and hypothe-
sized the need for a three-dimensional (3D) hydrogel environment to
more closely mimic the in vivo ECM. Hence, we designed a thiol-ene
cross-linked alginate hydrogel to encapsulate kidney organoids during
part of the culture period, which resulted in a reduced deposition of type
lal collagen with no changes to the renal structures. Including this
hydrogel as part of the in vitro culture protocol and recovering the
organoids from it prior to transplantation can lead to organoids with an
improved phenotype that are more suitable for regenerative medicine
applications.

2. Materials and methods
2.1. hiPSC culture

hiPSCs were expanded on vitronectin-coated (0.5 pg/cm?) plates in
E8 medium (Thermo Fisher Scientific) and were passaged twice weekly
using TrypLE Express (Thermo Fisher Scientific) with the addition of
RevitaCell Supplement (Thermo Fisher Scientific) for 24 h. The hiPSC
line LUMCO0072iCTRLO1 was obtained from the hiPSC core facility at the
Leiden University Medical Center where they were generated from fi-
broblasts using the Simplicon RNA reprogramming kit (Millipore).

2.2. Differentiation and organoid formation

Kidney organoids were generated from hiPSCs according to an
established protocol [10]. Briefly, hiPSCs were seeded on
vitronectin-coated (0.5 pg/cm?) plates at 7300 cells/cm? in E8 medium
supplemented with RevitaCell Supplement. After 24 h, differentiation
was started (day 0) by changing to STEMdiff APEL medium (STEMCELL
Technologies) supplemented with 8 pM CHIR99021 (R&D Systems), 1%
(v/v) antibiotic/antimycotic (Thermo Fisher Scientific), and 1% (v/v)
PFHM-II protein-free hybridoma medium (Thermo Fisher Scientific). On
day 4 of differentiation, medium was switched to STEMdiff APEL me-
dium supplemented with 200 ng/pl FGF-9 (R&D Systems) and 1 pg/ml
heparin (Sigma-Aldrich). By day 7, the cells formed a confluent mono-
layer and were subjected to a 1 h pulse with 8 pM CHIR99021 before
being harvested by trypsinization. Three aggregates of 500,000 cells
each were transferred to a 6-well transwell filter with a 0.4 pm pore size
(CLS3450, Corning). From this moment onwards, kidney organoids were
cultured for 4 more days (termed day 7 + 4) in STEMdiff APEL2 medium
supplemented with FGF-9 and heparin. Beginning on day 7 + 5,
STEMdiff APEL2 medium without supplemented growth factors was
changed every 2 days. The organoids were maintained on the filter
membranes at the air-liquid interface until day 7 + 18 or day 7 + 25.

2.3. Organoid decellularization

All incubation and centrifugation steps were performed at 4 °C to
minimize proteolysis. Kidney organoids were harvested from the filter
membrane and snap frozen in liquid nitrogen for storage or used
immediately for decellularization. Organoids were incubated for 30 min
under agitation in an extraction buffer containing Tris-HCI (pH 7.8; 10
mM), NaCl (150 mM), EDTA (25 mM), 1% (v/v) Triton X-100, and one
tablet of protease inhibitors (Roche). Samples were centrifuged at
14,000xg for 10 min to yield the supernatant termed fraction one. The
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remaining pellet was incubated for 30 min under agitation in an alkaline
detergent buffer containing NH4OH (20 mM) and 0.5% (v/v) Triton X-
100 diluted in PBS. Samples were centrifuged at 14,000 xg for 10 min to
yield fraction two. The remaining pellet was incubated for 30 min under
agitation in DNase I buffer containing 25 units DNase I diluted in 50 pl
PBS. Samples were centrifuged at 14,000xg for 10 min to yield fraction
three. The final remaining pellet was resuspended in Laemmli sample
buffer (Bio-Rad) with 1,4-dithiothreitol (DTT; 100 mM). Before the
samples were subjected to heat denaturation at 95 °C for 10 min, they
were sonicated three times for 5 s with 10% amplitude and 30 s between
each sonication round.

2.4. Mass spectrometry

Protein samples were resolved by SDS-PAGE (4-12%) and visualized
by Coomassie staining (0.05% (w/v) Coomassie R-250). Samples were
run onto the interface of the stacking and running gel, manually excised
from the gel and subjected to in-gel digestion using a MassPREP diges-
tion robot (Waters, Manchester UK). Briefly, a solution of NH4HCO3 (50
mM) in 50% (v/v) acetonitrile (ACN) was used for destaining the gel
slices. Cysteines were reduced using DTT (10 mM) in NH4HCO3 (100
mM) for 30 min followed by an alkylation reaction using iodoacetamide
(55 mM) in NH4HCO3 (100 mM) for 20 min. Afterwards, samples were
washed with NH4HCO3 (100 mM) and subsequently dehydrated with
100% (v/v) ACN. Trypsin (6 ng/ml, Promega) in NH4sHCO3 (50 mM) was
added and incubated at 37 °C for 5 h. Peptides were extracted using 1%
(v/v) formic acid (FA) supplemented with 2% (v/v) ACN. A subsequent
extraction step was performed using 1% (v/v) FA supplemented with
50% (v/v) ACN.

Once extracted, peptides were separated on an Ultimate 3000 Rapid
Separation UHPLC (Thermo Fisher Scientific) equipped with an C18
analytical column (2 pm particle size, 100 A pore size, 75 pm inner
diameter, 150 mm length; Acclaim). Peptide samples were desalted and
separated on the C18 analytical column with a 90 min linear gradient
from 5 to 35% (v/v) ACN with 0.1% (v/v) FA at a 300 nl/min flow rate.
This column was coupled online to a Q Exactive HF mass spectrometer
(Thermo Fisher Scientific) using a full MS scan from 350 to 1650 mz! at
a resolution of 120,000. Subsequent MS/MS scans of the top 15 most
intense ions were done at a resolution of 15,000.

2.5. Mass spectrometry data analyses

The obtained spectra were analyzed using the Proteome Discoverer
software (version 2.2, Thermo Fisher Scientific) using the Sequest search
engine and the SwissProt Human database (TaxID = 9606, v2017-10-
25). The database search was performed with the following settings:
trypsin digestion with a maximum of two missed cleavages, minimum
peptide length of six amino acids, precursor mass tolerance of 10 ppm,
fragment mass tolerance of 0.02 Da, dynamic modifications of methio-
nine oxidation and protein N-terminus acetylation, static modification
of cysteine carbamidomethylation. Data analyses were performed using
the Perseus software platform [18].

2.6. Western blot

Protein quantification was performed using Bradford Assay (Ther-
mofisher). Protein samples were resolved by SDS-PAGE (Bio-Rad) at 90
V and transferred to a PVDF membrane (Bio-Rad) at 100 V for 90 min.
Blocking was performed using 5% (w/v) milk powder diluted in TBS
supplemented with 0.1% (v/v) Tween-20 for 1 h. Membranes were
incubated with primary antibodies overnight at 4 °C and for 1 h at room
temperature (RT) with secondary horseradish peroxidase—conjugated
antibodies (Bio-Rad, 1:3000). Membranes were then developed using
the Clarity Western ECL Substrate (Bio-Rad) and imaged on a ChemiDoc
MP Imaging System (Bio-Rad). The following primary antibodies were
used: type lal collagen (ab6308, Abcam, 1:1000), type 6al collagen
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(GTX109963, Genetex, 1:3000), laminin B2 (sc-59980, Santa Cruz
Biotechnology, 1:500), nidogen (sc-133175, Santa Cruz Biotechnology,
1:500), beta-actin (ab8227 Abcam, 1:3000) and Gapdh (11335232,
Thermo Fisher Scientific, 1:3000).

2.7. Analysis of off-target gene expression in iPSC-derived kidney
organoids

Previously generated single-cell RNAseq data of iPSC-derived kidney
organoids using the Takasato protocol [13] were downloaded from the
Gene Expression Omnibus (GEO: GSE118184). The raw transcript count
tables were analyzed separately for each time point (day 0, 7,7 + 5,7 +
12,7 + 19 and 7 + 27) using R software (3.6.2) and the Seurat package
(version 3.2.0). Low quality cells were previously excluded, as described
by Wu et al. [13]. The gene expression matrices were normalized for
sequencing depth per cell and log-transformed using a scaling factor of
10,000. Then 2000 features with the highest cell-to-cell variation were
identified, scaled, and centered and used for principal component
analysis. The principal components representing the true dimensionality
of each dataset were selected and further used for non-linear dimen-
sional reduction. Normalized gene expression of markers of interest are
shown in tSNE space.

2.8. Norbornene-alginate (NB-Alg) synthesis

Purified sodium alginate (0.5 g, 2.5 mmol COOH groups, 1 equiv.,
Manugel GMB, FMC, lot no. G940200) was dissolved overnight in 50 ml
MES buffer (0.1 M MES, 0.3 M NaCl, pH 6.5) as previously described
[21]. 1-(3-(Dimethylamino)propyl)-3-ethylcarboiimide hydrochloride
(EDC-HCL; 0.5 g, 2.6 mmol, 1.02 equiv., VWR) and NHS-ester (0.65 g,
5.65 mmol, 2.3 equiv., Sigma-Aldrich) were added and the solution was
stirred for 30 min. The pH of the solution was adjusted to approximately
8 (with 5 M HCI) before the addition of the 5-norbornene-2-methyl-
amine (9.4 x 1072 g, 0.76 mmol, 0.3 equiv., mixture of isomers, TCI
Chemicals) and was stirred overnight (18 h) at RT. The
norbornene-functionalized alginate product was purified by dialysis in a
10 kDa MWCO dialysis tube (Spectra/Por, regenerated cellulose, VWR)
in 100 mM, 50 mM, 25 mM, and 0 mM NaCl in MilliQ water, which was
changed every 10-18 h (dialysis ratio 1:50). The resultant product was
freeze-dried and its structure confirmed by 'H NMR in deuterated water
(D20, Figure S5). The percentage of norbornene functionalization
(3.5%) was calculated relative to the DMF internal standard in the g
NMR spectra (Table S1). MW of the NB-Alg was determined by GPC
(Figure S6b-c and Table S2).

2.9. 'H NMR analysis

'H NMR spectra were recorded on a Bruker AVANCE III HD 700 MHz
spectrometer equipped with a cryogenically cooled three-channel TCI
probe in DO with dimethylformaldehyde (DMF) as an internal standard
(0.2 M). A water suppression pulse sequence was applied to spectra.
MestReNova 11.0 software was used to analyze the obtained spectra. All
chemical shifts are reported in parts per million (ppm) relative to DMF
(H(C=0), 8 ppm).

2.10. GPC analysis

Molecular weight was measured in 0.1 M NaNOs in HyO eluent.
Samples were eluted at RT at a flow rate of 0.5 mL/min on a
Prominence-I LC-2030C3D LC (Shimadzu Europa) and Shodex SB-803/
SB-804 HQ columns (Showa Denko America). Calibration was per-
formed using PEG standards of molecular weights up to 300,000 MW
(PEG calibration kit, Agilent Technologies). The molecular weight and
dispersity values were calculated using LabSolutions GPC software
(Shimadzu Europa). The samples were dissolved in 0.1 M NaNOs in H,O
in a concentration of 0.5 mg/mL and filtered through 0.45 pm filters to
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remove any unwanted impurities.
2.11. Organoid hydrogel encapsulation

Norbornene functionalized alginate (71 mg, 3.5% functionalization,
11.3 pmol norbornene units) was dissolved in 2.3 ml STEMdiff APEL2
medium. The 4-arm 10 kDa PEG thiol (5 mg, 0.02 mmol SH units,
Creative PEGWorks) and LAP UV initiator (3.3 mg, 11.2 pmol, 3.2 mM,
Sigma-Aldrich) were dissolved separately in 1.2 ml APEL2 medium.
Both solutions were passed through a 0.2 pm sterilization filter. The
cross-linking/initiator solution was added to the norbornene alginate
solution and stirred for 30 min before organoid encapsulation to form a
2% (w/v) NB-alginate solution. The solution was deposited over the
organoids on the top of the transwell membrane at day 7 + 14 or day 7
+ 21 of culture and exposed to 365 nm light (1 mW/cmz, 30s, UVP CL-
1000 ultraviolet cross-linker). After cross-linking, APEL2 medium (1.2
ml) was added to the bottom of the transwell filters, and the organoids
were cultured for three additional days until day 7 + 18 or 7 + 25 (three
organoids per condition (n = 3) from three independent experiments (N
=3).

2.12. Rheometry

Rheometry was performed on a TA instruments DHR-2 rheometer
with a 20 mm cone-plate geometry and a cone angle of 2.002°. The
hydrogel for these experiments did not contain organoids. Precursor
solutions were equilibrated at RT, and the temperature was maintained
at 23-24 °C. Time sweeps at 1% strain and 10 rad/s were performed for
10 min total. After 5 min of measurement to ensure stability, the sample
was irradiated with 365 nm UV light at 10 mW/cm? for 2 min. The time
sweep was prolonged for another 3 min to ensure no short-term evolu-
tion following cross-linking. The same sample was then subjected to a
frequency sweep from 100 to 0.1 rad/s at 1% strain, followed by a strain
sweep from 1 to 1000% at 10 rad/s. Each measurement was performed
in triplicate.

2.13. Swelling test

A swelling test was performed on transwell filters in triplicate (N =
3). The hydrogel solution was prepared and added on the transwell
without organoids. APEL2 medium was added under the transwell filter
and incubated for 98 h at 37 °C. The weight of the transwell filter with
the hydrogel was measured at 1, 2, 4, 6, 24, 48, 72 and 96 h. The
swelling ratio in % (S;) over time was calculated by the following
equation: S;=(wj-wg)/Wp, in which, wg is the initial weight of the
hydrogel and w; is the weight of hydrogel at the specific time point.

2.14. Cell viability assay

Cell viability was analyzed by ethidium homodimer-1 (EthD1) and
calcein AM staining. The medium was aspirated and the encapsulating
hydrogel was removed and replaced with EthD1 (4 pM) and calcein AM
(2 pM) in PBS and incubated for 30 min at RT. For cryo-sectioning,
organoids were subsequently fixed with 2% (v/v) PFA for 10 min at
4 °C and stored in PBS (three organoids per condition (n = 3) from three
independent experiments (N = 3).

2.15. Immunohistochemistry

Recovered organoids were fixed in 4% (w/v) paraformaldehyde
(PFA) for 20 min at 4 °C (three organoids per condition (n = 3) from
three independent experiments (N = 3), after which they were dehy-
drated by an overnight incubation in PBS containing 15% (w/v) sucrose
followed by a second overnight incubation with 30% (w/v) sucrose. The
next day, organoids were embedded in freezing solution containing 15%
(w/v) sucrose and 7.5% (w/v) gelatin in PBS. The cast was placed in a



T. Geuens et al.

beaker with isopentane and left to freeze for several minutes in liquid
N». Frozen organoids were stored at -20 °C until cryo-sectioning, for
which they were sectioned to 20 pm thickness at -18 °C. Frozen organoid
sections were placed in Coplin jars containing PBS and warmed to 37 °C
for 15-20 min to remove the embedding solution. Once removed, they
were washed in PBS and permeabilized with 0.5% (v/v) IGEPAL in PBS
for 15 min at RT and were blocked with 5% (w/v) BSA in PBS for 20 min
at RT. The slides were then incubated overnight in the dark at 4 °C with
primary antibodies against: Nephrin (NPHS1, AF4269, R&D Systems,
1:300), Wilms tumor protein 1 (WT1, ab89901, Abcam, 1:500), Lotus
tetragonolobud lectin (LTL, B-1325, Vectorlabs, 1:300), MEIS1/2/3 (sc-
101850, Santa Cruz Biotechnology, 1:300), E-cadherin (ECAD, 610181,
BD Biosciences, 1:300), SLC12A1 (HPA01496, Thermo Fisher Scientific,
1:200), type I collagen (COLlal, ab6308, Abcam, 1:300), type 6al
collagen (COL6al, GTX109963, Genetex, 1:300), a-smooth muscle actin
(aSMA, A2547, Sigma Aldrich, 1:100), and fibronectin (FN, NBP1-
91258, Novus Biologicals, 1:400). Subsequently, the slides were
washed and incubated with goat anti-rabbit and goat anti-mouse sec-
ondary antibodies for 45 min at RT in the dark: Alexa Fluor 488, Alexa
Fluor 568, and Streptavidin Alexa Fluor 647 (Thermo Fisher Scientific,
1:100). After washing, nuclei were counterstained with DAPI (0.1 pg/
ml) for 5 min.

For trichrome staining, organoids were fixed in 4% PFA for 20 min at
4 °C and embedded in paraffin. Afterwards, 4 pm sections were cut and
deparaffinized in xylene followed by a series of hydration steps. Tri-
chrome staining was then performed using the Trichrome Stain (Mas-
son) Kit (HT15, Sigma-Aldrich) following the manufacturer’s protocol.
Mounted slides were imaged with an automated Nikon Eclipse Ti2-E
microscope using a 10 x , 20 x , or 40 x air objective.

2.16. Immunocytochemistry

HiPSCs were seeded on vitronectin-coated (0.5 pg/cm2) glass cov-
erslips in a 24-well plate. Once sub-confluent, the cells were fixed with
4% (v/v) PFA for 20 min at RT. After three washes with PBS, they were
permeabilized with 0.5% (v/v) Triton X-100 in PBS. The samples were
then blocked for 1 h with 3% (v/v) goat serum in PBS. Subsequently, the
samples were washed with 0.05% (v/v) Triton X-100 in PBS, and
incubated overnight at 4 °C in the dark with the following primary an-
tibodies against: OCT3/4 (sc-5279, Santa Cruz Biotechnology, 1:100),
SOX2 (sc-365823, Santa Cruz Biotechnology, 1:100), SSEA4 (sc-21704,
Santa Cruz Biotechnology, 1:100) and TRA-1-60 (sc-21705, Santa Cruz
Biotechnology, 1:100). After overnight incubation, samples were
washed three times with PBS and incubated with goat anti-rabbit and
goat anti-mouse secondary antibodies (Alexa Fluor 488 and 568,
Thermo Fisher Scientific, 1:100) for 1 h. After washing, the nuclei were
counterstained with DAPI (0.1 pg/ml) for 5 min. Mounted slides were
imaged with an automated Nikon Eclipse Ti2-E microscope using a 20 x
or 40 x air objective.

2.17. Flow cytometry

HiPSCs were harvested using TrypLE Express (Thermo Fisher Sci-
entific). One million cells were added to each tube, centrifuged for 4 min
at 200xg and resuspended in 100 pl PBS. The cells were fixed using
Medium A from the FIX & PERM Cell Permeabilization Kit (Thermo
Fisher Scientific) and incubated for 15 min at RT. They were washed
with wash buffer (0.1% (v/v) sodium azide and 3% (w/v) BSA in PBS)
and were then incubated with the primary antibodies for 20 min at RT.
Antibodies for extracellular antigens were diluted in wash buffer: SSEA4
(sc-21704, Santa Cruz Biotechnology, 1:100) and TRA-1-60 (sc-21705,
Santa Cruz Biotechnology, 1:100). Those for intracellular antigens were
diluted in Medium B for permeabilization: OCT4 (ab19857, Abcam,
1:100) and SOX2 (sc-365823, Santa Cruz Biotechnology, 1:100). An
Alexa Fluor 488 (Thermo Fisher Scientific, 1:100) secondary antibody
was then added in wash buffer and incubated for 20 min at RT. The
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samples were kept on ice and, when possible, in the dark. They were
washed once with wash buffer and resuspended in PBS (1 ml). Flow
cytometry was performed on a BD Accuri C6 (BD Biosciences). Sample
data were gated to exclude cell debris, resulting in the detection of a cell
population with 10,000 detectable events. Data were analyzed using
FlowJo software (www.flowjo.com).

2.18. Statistical analyses

For all protein expression analyses (Western blot and immunobhis-
tochemistry), three organoids from independent organoid cultures (N =
3) were assessed. Mass spectrometry analyses were performed in three
organoids from independent organoid cultures (N = 3) at day 7 + 18 and
day 7 + 25. Gene ontology analyses were performed using the DAVID
Gene Functional Classification Tool with Bonferroni-corrected p-values.
Table 1 shows the p-values calculated using the Benjamini-Hochberg
correction for the false discovery rate.

3. Results
3.1. Kidney organoids face a developmental plateau in prolonged culture

Kidney organoids were generated from hiPSCs (Fig. 1a) using an
established differentiation protocol [10] with minor adaptations as
described by van den Berg and colleagues [19]. A monolayer of hiPSCs
was differentiated to renal progenitor cell populations for 7 days. The
differentiated cells were subsequently aggregated and transferred to a
transwell filter (day 7) to further develop as organoids. The organoids
matured over 18 days (day 7 + 18) on the air-liquid interface, as
dictated by the protocol, during which renal structures formed. We
hypothesized that culture prolongation could be beneficial; however
culturing the organoids until day 7 + 25 resulted in a developmental
plateau (Fig. 1a), in which no further development was apparent. To
show that culture prolongation did not negatively affect the presence of
renal structures, the organoids were grown until day 7 + 18 and day 7 +
25. After this prolonged culture, the organoids were characterized for
the presence of glomerular structures (Nephrin; NPHS1), proximal tu-
bules (LTL), loop of Henle (NKCC2; SLC12A1), distal tubules (E-cad-
herin; ECAD) and interstitial cells (Homeobox protein Meis 1/2/3;
MEIS1/2/3) (Fig. 1b). Because culture prolongation showed no loss of
renal structures, we sought another explanation for the observed
developmental plateau. Therefore, we performed a Masson’s trichrome
staining [20,21]. While kidney organoids at day 7 + 18 had a homo-
geneous distribution of glomerular and tubular-like structures, the
organoids at day 7 + 25 showed an expanded interstitial region
accompanied by an accumulation of ECM and the manifestation of a
stromal cell population (Fig. 1c).

3.2. Aging organoids in vitro express specific non-renal collagen subtypes

The importance of ECM composition on (stem) cell fate and tissue
morphogenesis has already been appreciated [22]. Therefore, we hy-
pothesized that understanding the expression profile of key ECM pro-
teins would help us to understand the developmental plateau that
occurred between kidney organoids at day 7 + 18 and at day 7 + 25 of
culture (Fig. 1a). Thus, we looked for proteomic changes in the ECM
upon culture prolongation (day 7 + 25) compared to that of day 7 + 18
cultures. Three biological replicates of human kidney organoids from
unique differentiation rounds, aged day 7 + 18 and day 7 + 25, were
ECM-enriched by depleting cytoplasmic and nuclear proteins (Fig. 2a
and b), then analyzed by tandem mass spectrometry. Extensive data
quality control (Figure S2a-c) and filtering for valid values yielded a list
of 958 proteins identified in at least two of three biological replicates. To
analyze for differentially expressed proteins, a two-sample t-test was
performed comparing the replicates from day 7 + 18 with day 7 + 25
and log-fold changes (LFC) were subsequently calculated (Fig. 2c). Gene
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Table 1

Overview of all ECM and related proteins identified by mass spectrometry an-
alyses of kidney organoids aged day 7 + 18 and day 7 + 25. Abundance ratios
were calculated to compare protein abundances between the two time points.
The p-value was calculated using the Benjamini-Hochberg correction for the
false discovery rate.

Table 1 (continued)
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Core matrisome

Core matrisome

Glycoproteins Collagens
Gene Abundance p-value Gene Abundance p-value
symbol ratio (day 7 + symbol ratio (day 7 +
25/7 + 18) 25/7 + 18)
AGRN 0.615 1.707E-  COL1Al 6.850 1.643E-
01 12
DPT only day 7 + 3.353E-  COL1A2 8.094 7.072E-
25 16 15
EMILIN1 1.722 3.441E- COL2A1 4.839 7.309E-
01 09
EMILIN3 3.003 6.819E-  COL4A1l 0.955 9.023E-
04 01
FBN1 1.744 3.247E- COL4A2 0.998 9.306E-
01 01
FBN2 1.433 7.221E-  COL5A2 2.605 2.755E-
01 02
FBN3 0.829 7.369E- COL5A3 1.899 3.266E-
01 01
FN1 2.555 7.699E-  COL6A1 2.799 1.942E-
03 03
LAMA1 0.898 8.097E-  COL6A2 2.891 1.163E-
01 03
LAMAS 0.546 5.401E-  COL6A3 3.107 3.771E-
02 04
LAMB1 0.595 1.262E- COL9A1 only day 7 + 3.353E-
01 25 16
LAMB2 0.588 1.134E- COL11Al 6.113 9.426E-
01 11
LAMC1 0.629 2.083E-  COL12A1 4.419 2.648E-
01 07
LTBP1 1.505 6.846E-  COL14Al 8.184 7.072E-
01 15
LTBP4 1.223 9.187E- COL18A1 0.645 2.469E-
01 01
MATN4 1.987 2.721E- COL21A1 2.654 1.301E-
01 02
MFAP1 0.604 2.140E-  COL26A1 1.218 9.213E-
01 01
MFAP2 1.599 4.891E-
01
MFAP4 3.630 1.235E-  Proteoglycans
03
NID1 0.450 4.954E-
03
NID2 0.685 3.334E-  ASPN 20.256 3.353E-
01 16
NPNT 0.708 3.833E- BGN 3.579 2.608E-
01 05
POSTN only day 7 + 3.353E- DCN 13.289 3.353E-
25 16 16
PXDN 1.175 9.359E- FLNA 1.418 7.367E-
01 01
SBSPON 0.659 3.242E- FMOD 1.739 3.266E-
01 01
TGFBI 1.437 7.420E-  GPC4 1.766 2.989E-
01 01
THBS1 8.982 3.535E-  HAPLN1 18.854 3.353E-
16 16
TNC 3.496 4.001E- LUM 4.100 1.828E-
05 05
VWAL 1.523 7.100E- OGN 12.674 3.353E-
01 16
PRELP 1.869 2.412E-
01
VCAN 1.785 2.890E-
01

Matrisome associated

ECM-regulator

Extracellular space

Glycoproteins Collagens
Gene Abundance p-value Gene Abundance p-value
symbol ratio (day 7 + symbol ratio (day 7 +
25/7 +18) 25/7 +18)
Gene Abundance p-value Gene Abundance p-value
symbol  ratio (day 7 + symbol ratio (day 7 +
25/7 + 18) 25/7 +18)
CPXM1 1.116 9.805E-  ANXA1 1.779 2.890E-
01 01
CSTB 1.390 8.097E-  ANXA2 1.898 1.980E-
01 01
CTSB 1.255 9.043E- ANXAS5 2.139 5.884E-
01 02
TIMP3 1.207 9.250E-  APCS 2.491 1.425E-
01 02
C1QBP 1.130 9.701E-
01
Secreted factors Cc3 1.016 9.613E-
01
Cc9 1.212 9.251E-
01
MDK 1.052 9.691E- CLU 1.701 3.483E-
01 01
S100A6 1.656 4.245E-  PPIA 1.326 8.200E-
01 01
S100A10 6.553 4.361E-
09
S100A11 1.360 7.998E-
01

ontology enrichment analysis of differentially expressed proteins (false
discovery rate = 0.05, LFC = 2.0) showed an enrichment of four sub-
networks strongly linked to matrix remodeling and collagen expression
(Fig. 2d). More specifically, there was a statistically significant increased
expression of collagen types 1, 2 and 6 in the day 7 + 25 organoids (e.g.,
COL1A1l, abundance ratio = 6.850, p-value = 1.643E-12; COL2A1,
abundance ratio = 4.839, p-value = 7.309E-09 and COL6A1, abundance
ratio = 2.799, p-value = 1.942E-03) (Fig. 2e, Table 1), which was
confirmed by Western blot (Figure S2d).

An increased expression of specific ECM components, associated
with an abnormal local accumulation is typically observed in kidney
pathologies [23,24]. Indeed, we observed a similar phenotype charac-
terized by the increased expression of collagens type lal, 6al and
fibronectin (FN), whose expression is a fibrosis hallmark. More specif-
ically, these fibrotic proteins were found in the interstitial region of aged
kidney organoids containing aSMA-positive myofibroblasts (Fig. 3a),
correlating with our previous observations discussed in Fig. 1c. To un-
derstand the kinetics of this collagen deposition in the kidney organoids,
we studied the expression profile of type 1al and 6al collagens over
time (days 7 + 6, +10, +14, +18, +21, and +25) and found a gradual
increase as the organoids aged starting from day 7 + 14 (Fig. 3b and S3).
More specifically, type 1al collagen expression was absent before day 7
+ 14 and type 6al collagen expression was low. We could confirm these
observations by analyzing single cell RNA (scRNA) sequencing datasets
from literature [13]. Comparing the distribution of cell populations over
time showed a gradual increase of populations expressing the collagen
isoforms, together with aSMA and FN (Fig. 3c). Therefore, we hypoth-
esized that around day 7 + 14, a (pre-)fibrotic phenotype (marked by
COL1lal) and an off-target cell population (marked by aSMA) emerges in
the kidney organoids.

3.3. A thiol-ene cross-linked alginate was synthesized

When seeking a hydrogel that could modulate the ECM, we began
with the observation that the kidney organoids in this study are cultured
on an air-liquid interface, which does not represent the natural
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Fig. 1. a) Overview of the directed differentiation protocol used to generate kidney organoids. The iPSCs were differentiated for 7 days, after which they were grown
and matured as kidney organoids for 18 days. Beyond 18 days, the organoids faced a developmental plateau. Above the schematic, images show the culture at the
respective time points. Scale bars: 200 pm and 100 pm for first two and last three images, respectively. b) While organoids aged day 7 + 25 showed no further
maturation, the presence of the different segments of the nephron: glomeruli (Nephrin; NPHS1), proximal tubules (LTL), loop of Henle (NKCC2; SLC12A1), distal
tubules (E-cadherin; ECAD) and interstitial cells (Homeobox protein Meis 1/2/3; MEIS1/2/3) was similar to those of organoids at day 7 + 18. DAPI staining (blue) for
nuclei. Scale bars: 50 pm. ¢) Masson’s trichrome staining of organoids at day 7 + 18 and day 7 + 25 showed an expanded interstitial region in the older organoids.

This location was accompanied by an accumulation of extracellular matrix and the presence of a stromal cell population. Scale bars: 500 pm for the left images of
each set and 100 pm for the zoomed panels.
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Fig. 2. a) Overview of the optimized decellularization protocol to enrich for ECM proteins. b) Western blot validation of the decellularization protocol used for the
ECM-enrichment. LAMB2 and NID1 were used as ECM markers and GAPDH as a cytosolic marker. c¢) Volcano plot of mass spectrometry results showed the
differentially expressed proteins (false discovery rate = 0.05, log-fold change = 2.0). d) Gene ontology analyses showed an enrichment for ECM remodeling and

collagen expression. €) Z-score protein expression plots of specific subtypes of type 1, 2 and 6 collagen showed an increase in expression in kidney organoids at day 7
+ 25 compared to those at day 7 + 18.
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Fig. 3. a) Organoids aged day 7 + 25 showed the presence of a myofibroblast cell population associated with the increased expression of COL1A1, COL6A1 and FN
on both the periphery of the organoids (left panels) and their middle sections (right panels). DAPI staining (blue) for nuclei. Scale bars: 50 pm. b) Both type lal
collagen (COL1A1) and type 6 collagen (COL6A1) expression increased in kidney organoids over time. B-actin (ACTB) was used as a loading control. ¢) Analyzing
single cell RNA sequencing datasets from literature [13] showed that cell populations expressing the different COL1 and COL6 isoforms increase when kidney

organoids age, as do the fibrosis markers aSMA and fibronectin (FN1).

environment during human kidney development. Therefore, we hy-
pothesized that encapsulating the organoids in a soft hydrogel could
reduce the increased expression of collagens type 1al and 6al, and also
the fibrosis markers (FN and aSMA) (Fig. 4a).

We chose to use alginate, which is a naturally-derived, biocompat-
ible, biodegradable, FDA-approved, and non-adhesive hydrogel [25,26]
that forms an ECM-like environment [26] and allows free diffusion of
most nutrients in lower concentration (<2 wt%) hydrogels [27-30]. By
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Fig. 4. a) Schematic of hydrogel-encapsulated organoid culture. Organoids were encapsulated in a hydrogel at day 7 + 14 or 7 + 21 and were cultured for four
additional days, until day 7 + 18 or 7 + 25, respectively. The hydrogel was composed of norbornene-functionalized alginate cross-linked with a 4-arm thiol via thiol-
ene coupling. b) Synthesis schematic of NB-alginate via NHS-ester chemistry. c) In situ photo rheometry measurement of the hydrogel (300 s no UV, 120 s with 365
nm UV and 180 s no UV in triplicate). The hydrogel was formed when exposed to UV light and had a final shear modulus of 60 Pa. G’: storage modulus and G”: loss
modulus. d) Strain sweep curve showed slight strain stiffening and a yield point at 250% strain (in triplicate). e) Swelling test of the thiol-ene cross-linked hydrogel
shows 175% swelling over a period of 3 days in the simulated culture conditions in triplicate (N = 3).

covalently modifying the alginate with norbornene (NB-Alg), a UV
cross-linkable hydrogel can be created via thiol-ene chemistry. This
hydrogel platform allows tunable mechanical properties (without Ca®")
and the ability to introduce bioactivity [21]. NB-Alg was synthesized
with NHS-chemistry (confirmed by H!-NMR and GPC to contain 3.5%
functionalization, Fig. 4 and S5). NB-Alg hydrogels were fabricated by
cross-linking a 2% (w/v) solution of NB-Alg with a 4-arm PEG thiol with
UV light [21] (Fig. 4b). Rheometry showed an increase of G’ to 10% Pa
and G” to 10! Pa after UV exposure and cross-linking (Fig. 4c), con-
firming hydrogel formation. Gelation of the hydrogel was observed after
30 s of UV exposure (purple region in Fig. 4c), therefore this time was
chosen to encapsulate the organoids. The shear modulus was observed to
be constant over a wide frequency regime (Figure S6a). Strain sweep
measurements showed a slight strain stiffening (of +40 Pa) and a strain
at break of approximately 250% (Fig. 4d). The hydrogels formed a soft
(60 Pa shear modulus, ~180 Pa Young’s modulus) and non-adhesive
environment into which the organoids could be easily encapsulated.

3.4. Hydrogel encapsulation did not affect organoid viability or
morphology

Kidney organoids were encapsulated in NB-Alg hydrogels at day 7 +
14 and cultured for 4 additional days (Fig. 4a). Importantly, no struc-
tural changes in organoid morphology were observed when comparing
brightfield images of encapsulated organoids with organoids cultured on
the air-liquid interface at the same time points (Figure S6e). The
viability of cells at the interface of the organoid and the hydrogel (e.g,
the upper surface of the organoid) and within the organoids (e.g,
measured from a vertical section) was unchanged whether encapsulated
in the NB-Alg hydogel or cultured on the air-liquid interface
(Figure S6d). This result implies no negative effect of UV exposure or
hydrogel encapsulation on the viability of the organoids.

The volume of the hydrogel swelled over 4 days to approximately
1.75 times its initial volume (Fig. 4e), an increase that did not affect the
organoids’ structure (Fig. 5a). In addition, we observed the unchanged
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Fig. 5. Organoids grown on an air-liquid interface until day 7 + 18 (left) had a similar presence of the different segments of the nephron: glomeruli (Nephrin: NPHS1
and Wilms tumor protein 1: WT1), proximal tubules (LTL), loop of Henle (NKCC2: SLC12A1), distal tubules (E-cadherin: ECAD) and interstitial cells (Homeobox
protein Meis 1/2/3: MEIS1/2/3) when compared to organoids encapsulated in a hydrogel (right). DAPI staining (blue) for nuclei. Scale bars: 50 pm with the white
box denoting the area of interest. Representative images of N = 3 organoid batches with n = 3 organoids per batch.

presence of physiologically relevant cell populations and structures of
the organoids when encapsulated, which we based on the following
markers: glomeruli (Nephrin; NPHS1, Wilms tumor protein 1; WT1),
proximal tubules (LTL), loop of Henle (NKCC2; SLC12A1), distal tubules
(E-cadherin; ECAD) and interstitial cells (Homeobox protein Meis 1/2/
3; MEIS1/2/3) (Fig. 5a).

3.5. Kidney organoid encapsulation reduces type 1al collagen deposition

To determine whether hydrogel encapsulation effectively reduced
collagen expression (and thus could slow the progression of a fibrotic-
like phenotype), we recovered the organoids from the hydrogel at day
7 + 18 of culture (Fig. 6a) before enriching for the ECM proteins as
described (Fig. 3a). The expression of type 1al collagen was diminished
in the encapsulated organoids compared to those cultured on the air-
-liquid interface (Fig. 6b, S8). We found no consistent changes in the
expression of type 6al collagen (Fig. 6b, S8). These results indicate a
selective modifying effect of the hydrogel encapsulation on type 1lal
collagen deposition.

In order to find the most efficient time for encapsulation to reduce
the abnormal ECM deposition, we investigated the encapsulation effect
on organoids at a later culture time point. More specifically, the kidney
organoids were encapsulated at day 7 + 21 and cultured until day 7 + 25
(Fig. 6a). Again, a reduction in type 1al collagen was observed in the
encapsulated organoids compared to those cultured on the air-liquid
interface at day 7 + 25 (Figure S7a). This reduction was similar to what
we observed before in organoids encapsulated at day 7 + 18 (Fig. 6b),
indicating that the time point of encapsulation, and therefore the
existing amount of collagen type 1al at the time of encapsulation, may
not affect the ability to reduce the increased type 1lal collagen
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deposition in kidney organoids.

To exclude the possibility that type 1al collagen was removed with
the hydrogel upon analysis, sections of the organoids encapsulated in
the hydrogel were stained for type lal collagen. The images showed
decreased type lal collagen expression within the encapsulated orga-
noids compared to those cultured on the air-liquid interface, compara-
ble to the reduction observed on the Western blots. Interestingly, type
6al collagen deposition remained unchanged when comparing orga-
noids cultured on the air-liquid interface and encapsulated in the
hydrogel. Areas of dense type 1al collagen expression were observed in
organoids cultured on the air-liquid interface, while a more diffuse and
overall lower amount was observed when the organoids were encapsu-
lated in the hydrogel (Fig. 6¢, S7b). Interestingly, the expression of the
fibrotic marker aSMA was also reduced, similarly to type 1al collagen,
in the encapsulated organoids (Fig. 6¢, S7b).

4. Discussion

Being able to create kidney organoids derived from patient or donor
hiPSCs holds great promise as a novel source of functional nephrons for
patients suffering from end-stage renal diseases. Despite recent break-
throughs, these organoids reveal a fibrotic phenotype preventing them
from being translated to the clinic. In this study, we investigated if in
vitro culture combined with a hydrogel encapsulation could decrease the
collagen and aSMA expression to enable the culture of organoids
without the emergence of the fibrotic phenotype. Using a proteomic
approach we found that prolonged in vitro culture conditions of kidney
organoids resulted in the increased expression of three specific collagen
subtypes (type 1al, 2, and 6al) and the stromal marker aSMA. Organoid
encapsulation in a soft, thiol-ene cross-linked alginate hydrogel
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Fig. 6. a) Schematic of organoid retrieval from the hydrogel after encapsulation. b) Western blotting of ECM proteins type 1al collagen and type 6al collagen in
organoids encapsulated in the hydrogel from day 7 + 14 to 7 + 18 compared to those from the air-liquid interface culture at day 7 + 18. A reduction of type lal
collagen was observed from all three sampled organoids encapsulated in the hydrogels. B-actin (ACTB) was used as a loading control. ¢) Immunohistochemistry for
collagen type lal and 6al, aSMA and LTL on horizontally sectioned organoids encapsulated from day 7 + 14 to 7 + 18 compared to organoids cultured at the
air-liquid interface at day 7 + 18. Reduced expression of type 1al collagen and aSMA was observed in the hydrogel-encapsulated organoids. Scale bars: 50 pm with
the white box denoting the area of interest. Representative images of N = 3 organoid batches with n = 3 organoids per batch. Other differentiation round immu-

nohistochemistry can be found in Figure S7.

decreased the expression of these subtypes, thereby pointing to a
possible effect of the biomaterial on reducing both the fibrotic pheno-
type and the emerging off-target cell populations in the aging kidney
organoids.

Creating a replacement therapy for patients with CKD requires
functional organoids that should not be expressing the hallmarks of
renal fibrosis. We observe an increased deposition of specific types of
collagens such as type 1al, 2, and 6al, which has been reported to be
characteristic of fibrillary-like scar tissue in renal fibrosis and CKD [23,
24,31,32]. In a healthy kidney, the expression of these types is very low,
or even absent, but upon kidney damage or disease, activated fibroblasts
turn into myofibroblasts and (over)express specific types of collagens to
deposit them in the renal interstitium [15,16]. An excessive accumula-
tion of ECM components is a hallmark of fibrotic lesions (as shown by
the abnormally expanded interstitial region in older organoids, Fig. 2a)
and leads to a life-threatening pathological condition by compromising
the organ’s function [17]. Being able to improve in vitro organoid culture
without the appearance of a fibrotic phenotype and off-target cell pop-
ulations is crucial to fully exploit them as a potential clinical solution.
Tissue engineers have developed numerous approaches to influence cell
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fate and morphology by engineering the microenvironment. Hydrogels
are of high interest due to their similarities with the ECM architecture
and their high water content (>90%). Many studies have looked at the
impact of hydrogel encapsulation on different types of organoids [33];
such as the intestine [34-37], pancreas [38,39], neural tube [40] and
liver [38]. However, the use of hydrogels is still limited in the kidney
organoid field [41,42].

For the time period of encapsulation we tested (4 days), reductions
were consistent for collagen type 1al but not for collagen type 6. This
specificity has also been reported in methacrylated alginate hydrogels,
where softer gels (0.7 kPa) also reduced the type 1 collagen expression,
and stiffer gels (2.5 kPa) had a positive effect on isotropic collagen or-
ganization, with no effect on type 3 collagen [43]. Soft porcine kidney
decellularized ECM hydrogels of stiffnesses between 0.02 and 0.1 kPa
have been previously reported to support human glomerular endothelial
cell viability and gene expression [44]. Furthermore, the addition of
type 1 collagen to increase the stiffness of human kidney cortex decel-
lularized ECM hydrogels (0.25 kPa) has been reported to lead to an
active cell state when encapsulating human kidney peritubular micro-
vascular endothelial cells [45]. Besides hydrogel stiffness, the relative
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relaxation time has been observed to affect type 1 collagen deposition.
For example, the encapsulation of chondrocytes in hydrazone covalently
adapatible network PEG hydrogels resulted in lower levels of type 1
collagen in hydrogels with faster relaxation times, with no effect on type
2 collagen [43,46]. Interestingly, tuning the hydrogel’s mechanical
properties (specifically stiffness or relaxation time) did not affect the
expression and modulation of type 2 [46] or type 3 collagen [43] in
these studies, which is similar to our observations for type 6 collagen.
Finally, the reduction of type 1 collagen could also be caused by
increased degradation activity by matrix metalloproteinases, as has been
reported for a cartilage-specific degradable poly(ethylene) glycol
hydrogel used for encapsulating chondrocytes [47].

The alginate hydrogels in this study contained no cellular anchors,
such as RGD, to interact with the cells. These nonadhesive properties
therefore preclude adhesive mechanotransduction events. However,
both our study and the two studies discussed previously, point to a
possible effect of the nonadhesive encapsulation on extracellular protein
expression [43,46]. This postulates an indirect effect of the surrounding
environment’s stiffness and relaxation time on cellular behaviour. The
hydrogels we report here have a shear modulus of 60 Pa (corresponding
to a Young’s modulus of 180 Pa); this stiffness is significantly different
from the human kidney, which has a Young’s modulus ranging from 5 to
10 kPa [48]. Instead, the hydrogel envrionment employed in our study
more closely mimics the perinephric adipose tissue formed around the
renal capsule, which has a Young’s modulus of approximately 0.5 kPa
[48-50]. This raises the question of whether we may have overlooked
the organ’s surrounding environment in vivo when reconstructing organs
in vitro. Supporting this idea, kidneys have been found to be enveloped
with brown adipose tissue during development [51]. This fat encapsu-
lation provides the developing kidney with a soft extracellular sur-
rounding, possibly regulating complex events during nephrogenesis.
Interestingly, recent studies pointed to the positive effect on the matu-
ration status of kidney organoids by conducting transplantation exper-
iments under the mouse renal capsule or onto the chick chorioallantoic
membrane [19,42]. Therefore, future research could be focussed on the
design of biomaterials with similar properties to the human renal
capsule to unravel the importance of dynamic interactions, relaxation
time, stiffness, and fibrous morphology properties.

5. Conclusion

Differentiated kidney organoids from induced pluripotent stem cells
hold promise as a treatment for patients with kidney diseases. Before
these organoids can be translated to the clinic, shortcomings regarding
the purity of renal cell types and the extracellular matrix composition
need to be overcome. We showed that simple encapsulation into a soft
biomaterial could control the organoids’ extracellular matrix, reduce
off-target cell populations and potentially diminish or delay the fibrotic
trajectory that organoids undergo during aging in vitro. This step for-
ward may give organoids the chance to mature and establishes the po-
tential of making them more suitable for clinical applications.
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