1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell Stem Cell. Author manuscript; available in PMC 2020 September 05.

-, HHS Public Access
«

Published in final edited form as:
Cell Stem Cell. 2019 September 05; 25(3): 373-387.€9. doi:10.1016/j.stem.2019.06.009.

Generation of human-PSC derived kidney organoids with
patterned nephron segments and a de novo vascular network

Jian Hui Low113, Pin Li113  Elaine Guo Yan Chew!2.13  Bingrui Zhou?, Keiichiro Suzuki3,
Tian Zhang!®, Michelle Mulan Lian12, Meng Liul, Emi Aizawa? Concepcion Rodriguez
Esteban®, Kylie Su Mei Yong’, Qingfeng Chen’:8, Josep M. Campistol®, Mingliang
Fangl911 Chiea Chuen Khor?:12, Jia Nee Fool2", Juan Carlos Izpisua Belmonte®*, Yun
Xiali14.*

1Lee Kong Chian School of Medicine, Nanyang Technological University Singapore, 11 Mandalay
Road, Singapore 308232, Singapore

2Human Genetics, Genome Institute of Singapore, A*STAR, Singapore 138672, Singapore

SInstitute for Advanced Co-Creation Studies, Osaka University, 1-3 Machikaneyama, Toyonaka,
Osaka 560-8531, Japan

4Graduate School of Engineering Science, Osaka University, 1-3 Machikaneyama, Toyonaka,
Osaka 560-8531, Japan

5School of Biological Sciences, Nanyang Technological University Singapore, 60 Nanyang Drive,
Singapore 637551, Singapore

6Gene Expression Laboratory, Salk Institute for Biological Studies, 10010 North Torrey Pines
Road, La Jolla, CA 92037, USA

"Humanized Mouse Unit, Institute of Molecular and Cell Biology, A*STAR, Singapore 138673,
Singapore

8Department of Microbiology and Immunology, Yong Loo Lin School of Medicine, National
University of Singapore, Singapore 119288, Singapore

9Hospital Clinic, University of Barcelona, IDIBAPS, 08036 Barcelona, Spain

"Correspondence: jianee.foo@ntu.edu.sg, belmonte@salk.edu, yunxia@ntu.edu.sg.

AUTHOR CONTRIBUTIONS

Methodology, J.H.L., P.L., B.Z., K.S., and Y.X,; Investigation and validation, J.H.L., P.L., E.G.C., B.Z,,K.S., T.Z., M.L.,E.A,, C.R.E,,
and M.F.; Software and data curation, E.G.C. and M.M.L.; Formal analysis, J.H.L., E.G.C., B.Z.,, M.M.L,, C.C.K,, J.N.F, and Y.X,;
Resources, E.G.C., M.M.L.,.,, C.C.K,, J.N.F,, K.S.M.Y., and Q.C.; Funding acquisition, C.C.K., J.N.F,, and Y.X.; Conceptualization,
supervision, and writing, J.N.F,, J.C.1.B., and Y.X..

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

DECLARATION OF INTERESTS

The authors declare no competing interests.

SUPPLEMENTAL INFORMATION

Supplemental information includes seven figures, seven tables and supplemental methods, which can be found with this article online.
DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA sequencing data reported in this paper is NCBI GEO: GSE132026. Additional figures can be
assessed at Mendeley Data: http://dx.doi.org/10.17632/mxpdwxgjy5.2.


http://dx.doi.org/10.17632/mxpdwxgjy5.2

1duosnuen Joyiny

1duosnuey Joyiny

Low et al. Page 2

10School of Civil and Environmental Engineering, Nanyang Technological University Singapore,
50 Nanyang Avenue, Singapore 639798, Singapore

1INanyang Environment & Water Research Institute, Nanyang Technological University
Singapore, Singapore 637141, Singapore

12Singapore Eye Research Institute, 20 College Road Discovery Tower, Level 6 The Academia,
Singapore 169856, Singapore

13These authors contributed equally

14] ead Contact

SUMMARY

Human pluripotent stem cell-derived kidney organoids recapitulate developmental processes and
tissue architecture, but intrinsic limitations, such as a lack of vasculature and functionality, have
greatly hampered their application. Here we establish a versatile protocol for generating
vascularized three-dimensional kidney organoids. We employ dynamic modulation of WNT
signaling to control the relative proportion of proximal versus distal nephron segments, thereby
producing a correlative level of VEGFA to define a resident vascular network. Single-cell RNA-
sequencing identifies a subset of nephron progenitor cells as a potential source of renal
vasculature. These kidney organoids undergo further structural and functional maturation upon
implantation. Using this kidney organoid platform, we establish an /n vitro model of autosomal
recessive polycystic kidney disease, the cystic phenotype of which can be effectively prevented by
gene correction or drug treatment. Our studies provide new avenues for studying human kidney
development, modeling disease pathogenesis, and performing patient-specific drug validation.
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In Brief

Human PSC-derived organoids represent an amenable platform for understanding human
development and diseases, despite numerous limitations. Xia and colleagues establish a versatile
platform for generating vascularized and patterned kidney organoids. Using this platform, they
have identified a non-conventional origin of renal vasculature, as well as recapitulated ARPKD
cystogenesis /n vitro.

INTRODUCTION

The kidneys play critical roles in maintaining physiological homeostasis by excreting waste
products and regulating the composition of body fluids. A nephron is the working unit of
kidney and is patterned along its proximal-distal axis. Advances in generating complex
kidney tissues from human pluripotent stem cells (hPSCs) have broadened our ability to
study human kidney development and diseases (Freedman et al., 2015, Morizane et al.,
2015, Takasato et al., 2015, Taguchi and Nishinakamura, 2017, Xia et al., 2013, Takasato et
al., 2014, Taguchi et al., 2014). In these studies, hPSCs were differentiated into primitive
streak cells, intermediate mesoderm, and ultimately into nephron progenitors through step-
wise modulation of WNT, FGF, and TGFp signaling (Freedman et al., 2015, Morizane et al.,
2015, Takasato et al., 2015). Subsequently, in response to FGF and/or WNT signaling
stimulation, nephron progenitors self-assembled to establish multi-compartmentalized
kidney organoids that are comprised of various cellular components, including segmentally
patterned epithelium, interstitium, and endothelium (Barasch et al., 1999, Li et al., 2016,
Morizane et al., 2015, Takasato et al., 2015). However, current protocols cannot reliably
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coordinate the formation of different renal components, including both segmentally
patterned nephron structures and vasculature. Furthermore, these kidney organoids did not
demonstrate satisfactory intra-organoid communication between different cellular
components, thus requiring additional signaling factors to support a resident vascular
network (Homan et al., 2019, Czerniecki et al., 2018). Genetically engineered hPSCs have
been developed to model autosomal dominant polycystic kidney disease (ADPKD)
cystogenesis, but patient-specific induced PSCs (iPSCs)-derived kidney organoids have not
yet been utilized for studying polycystic kidney disease (PKD) (Cruz et al., 2017, Czerniecki
et al., 2018, Freedman et al., 2015). A patient-derived kidney organoid model of PKD would
have great potential to transform the existing therapeutic approaches.

Here we have developed a highly robust methodology for differentiating hPSCs into three-
dimensional (3D) kidney organoids comprised of segmentally patterned nephron structures
and a de novo vascular network. Single-cell transcriptomics analysis was employed to
demonstrate that a subpopulation of nephron progenitor cells (NPCs) contributed to the
resident vasculature. Furthermore, these endothelial cells have already established a gene
regulatory network that is responsible for defining endothelial sub-types. These kidney
organoids are capable of coordinating the relative proportion of proximal versus distal
segments based on WNT signaling. Subsequently, glomerular podocytes produce a
correlative level of VEGFA to proportionally define a resident vascular network. These
kidney organoids, upon implantation into a host mouse, went on to develop glomerular
capillary tufts and were able to perform preliminary filtration and reabsorption, in a manner
similar to wild-type mouse kidneys. Using this platform, we successfully differentiated
autosomal recessive polycystic kidney disease (ARPKD) patient-derived iPSCs into 3D
kidney organoids. These ARPKD iPSC-derived kidney organoids displayed drastic
cystogenesis upon the upregulation of intracellular cAMP, compared to those derived from
gene-corrected ARPKD iPSCs, thus enabling successful drug testing /n vitro. The efficiency
with which these kidney organoids can be generated, together with their high levels of
versatility and functionality, provide unprecedented opportunities for studying human kidney
development and diseases, as well as for performing personalized drug screening.

Differentiation of hPSCs into 3D Kidney Organoids with a de novo Vascular Network

We generated 3D kidney organoids from hPSCs through step-wise exposure to defined
differentiation conditions. First, we treated hPSCs with 10 pM CHIR99021 (defining CHIR)
for 4 days to induce primitive streak cells (T*MIXL1*) with high efficiency (Figure 1A and
1B), as previously described (Czerniecki et al., 2018, Freedman et al., 2015, Morizane et al.,
2015, Takasato et al., 2015). To further differentiate primitive streak cells into intermediate
mesoderm, we tested a number of culture conditions, with the goal of inducing the optimal
levels of BMP signals, as BMPs specify intermediate mesoderm in a dose-dependent manner
(James and Schultheiss, 2005). We found that 3 days of factor-free cell culture most
effectively drove primitive streak cells toward nephrogenic intermediate mesoderm
(HOXD11*WT1%) (Figure 1A, 1B, and S1A), while producing neglectable endoderm, or
paraxial and lateral plate mesoderm (Figure S1A). This is in contrast to a previous report
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showing that 3 days of ActivinA treatment is required to induce intermediate mesoderm
(Morizane et al., 2015). We then exposed the nephrogenic intermediate mesoderm to 3 uM
CHIR (priming CHIR) in the presence of FGF9 (50 ng/ml), leading to the generation of
SIX2+SALL1+ NPCs (Figure 1A and 1B). These cells self-assembled into clusters that
morphologically resembled pre-tubular aggregates (PTAs) (Figure 1A, 1B, S1B, and S1C).
These transient, PTA-like structures not only expressed NPC markers (SIX2 and SALL1)
but also acquired LHX1 and PAX8 expression, indicating the initiation of nephogenesis
(Figure 1B). Meanwhile, a small population of differentiating cells began to express vascular
progenitor marker KDR (Figure 1B). Interestingly, it is not until NPHS1* glomerulus-like
structures appeared in the differentiation culture that these KDR* cells acquired CD31
expression, indicating vascular maturation (Figure 1B).

After one day of 1 uM CHIR (patterning CHIR) pulse on day 14, visually distinguishable
epithelial structures began to emerge, and gradually developed into highly complex tubule
structures (Figure 1C and S1B). By day 24, each 3D kidney organoid became densely
packed with multiple nephron components, including podocytes (NPHS1*), proximal
tubules (LTL*), medial tubules (JAG1%), and distal tubules (CDH1*) (Figure 1D). Alongside
these nephron structures, CD31*CD34" endothelial cells formed a vascular network that
spread throughout the entire kidney organoid (Figure 1E). To evaluate the identity of this
presumptive endothelial population, we introduced human umbilical vein endothelial cells
(HUVECS) into 3D kidney organoids (Figure S1D, left panel). These exogenous HUVECs
formed a vascular network that seamlessly integrated with the resident vascular network,
without disrupting the epithelial components (Figure S1D, right panels).

VEGFA signaling is essential for the maturation and maintenance of renal vasculature
(Eremina et al., 2003). Since our protocol does not require exogenous VEGFA, the
differentiating cells may autonomously secrete VEGFA to support the resident vasculature.
In accordance with this hypothesis, levels of both VEGFA mRNA and secreted VEGFA
protein were increased concurrently at the early stage of differentiation, and maintained at
high levels from day 14 onward (Figure 1F). VEGFA is highly expressed by podocytes, and
dysregulation of VEGFA expression disrupts glomerular vascular endothelium phenotypes
(Eremina et al., 2003). We therefore used antibodies against PODOCALY XIN (PODXL) to
label and sort podocytes from kidney organoids (Figure S1E and S1F). Compared with
PODXL-cells, PODXL+ cells displayed more than 10 folds enrichment in VEGFA
expression (Figure 1G). When VEGFA signaling was disrupted using 3 different VEGF
receptor (VEGFR) inhibitors, the established vascular network was severely compromised,
whereas nephron structures were not affected (Figure 1H and S1G). These observations
demonstrate that our protocol robustly differentiates hPSCs into vascularized 3D kidney
organoids. Furthermore, differentiation and maturation of the resident vascular network is
highly dependent upon autonomous VEGFA production by podocytes.

Single-Cell Transcriptomics Reveal a Non-conventional Origin of Renal Vasculature

The origin of renal vasculature has not been fully elucidated, though it is widely accepted
that both intra- and extra-renal vascular progenitors contribute to renal vasculature formation
(Munro et al., 2017, Hu et al., 2016, Mugford et al., 2008, Risau, 1998, Abrahamson et al.,
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1998). On day 11, we observed a small number of NPCs co-expressing vascular progenitor
marker KDR, but not mature endothelial marker CD31 (Figure S2A). Hence, we performed
fluorescence-activated cell sorting (FACS) analysis to obtain a quantitative view of the
kinetic expression of NPC and vascular endothelial markers. From day 11 to 13, NPCs
(SIX1* or SALL1*) constituted approximately 85%-90% of the total cell population (Figure
S2B and Table S1). On day 14, the percentage of NPCs decreased to 70%, presumably due
to active nephrogenesis (Figure S2B and Table S1). From day 11 to 14, we observed an
increase in the percentage of NPCs (gated with SIX1 or SALL1) that co-expressed KDR
(Figure S2B and Table S1). Meanwhile, more NPC+KDR+ cells acquired CD31 expression
(Figure S2B and Table S1). These results suggest that a subset of NPCs display a vascular
progenitor-like property, followed by differentiation into more mature endothelial cells.

We next performed single-cell RNA sequencing (scRNA-seq) to gain more insights into
early nephrogenesis, which is a crucial stage for the emergence of multiple renal lineages,
including endothelial cells. Using 10x Genomics Chromium Single Cell Gene Expression
system, we sequenced mRNA from 15,560; 6,337; 40,609 cells harvested from day 10, 12,
14 of differentiation, respectively (Table S2). After rigorous filtering (Figure S2C),
unsupervised clustering of the entire pooled dataset of 62,506 cells revealed a total of 11
transcriptionally distinct clusters, as visualized in £distributed stochastic neighbor
embedding (t-SNE) plot (Figure 2A). Based on lineage-specific marker expression defined
in published datasets (Lindstrom et al., 2018a, Lindstrom et al., 2018b, Menon et al., 2018,
Park et al., 2018, Phipson et al., 2019, Wang et al., 2018, Wu et al., 2018), we annotated and
refined the 11 clusters into 6 broad classes of cells: early NPC (cluster 0), NPC (cluster 2),
interstitial (cluster 3, 8), nascent nephron (cluster 1, 4), proliferating cells (cluster 5, 6, 7, 9),
and endothelial (cluster 10) (Figure 2B and Figure S2D). Violin plots showed the expression
of representative marker genes across different clusters (Figure 2B). During this stage,
although most of the cells displayed a common feature of being highly proliferative yet fully
defined, cluster 10 was clearly separated according to its highly distinctive endothelial gene
signature (Figure S2E). Notably, while VEGFA receptors KDR and FLT71 were highly
expressed in cluster 10; VEGFA itself was significantly enriched in clusters 1 and 4, which
also expressed maturing podocyte marker OLFMS3 (Figure S2F).

Next, we reconstructed lineage relationship by performing unsupervised lineage trajectory
analysis using Monocle 2. The pseudotimes were well-matched with differentiation time
points, in spite of moderate stochasticity that is often seen in /n vitro differentiation (Figure
2C). We also investigated differentially expressed genes (DEGS) that correspond with the
bifurcation at each branchpoint, and performed gene ontology (GO) analysis to identify
activated biological pathways. Along pseudotime, all branchpoints were enriched with GO
terms associated with kidney development and morphogenesis, as well as vasculature
development (Figure S2G and Table S3). These results indicate that within hPSC-derived
kidney organoids, multiple lineages may emerge from a common origin at the onset of
nephrogenesis.

To further investigate the lineage relationship between NPCs and vascular endothelial cells,
we pulled out cells that expressed different combinations of markers representing NPC
(S/1X1), vascular progenitor (KDR), and maturing endothelial cells (PECAM1/CD31) from
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the entire pooled dataset. From day 10 to 14, we observed an increase in the percentage of
SIX1+KDR+PECAMI-ells, the putative vascular progenitors (Figure 2D and Table S4). In
the meantime, percentage of SIXI*KDR*PECAMI™ and SIXI1*KDR PECAMI* maturing
endothelial cells also increased (Figure 2D and Table S4). The NPC cluster (cluster 2)
possessed both the highest number and proportion of SIX1*KDR*PECAMI cells (Figure
2E and Table S5), whereas the endothelial cluster (cluster 10) housed the majority of
maturing endothelial cells (Figure 2E and Table S5). Most importantly, we identified a
subpopulation of NPCs that co-expressed CD31 within the second trimester human fetal
kidneys, corroborating the lineage relationship observed during kidney organoid
differentiation (Figure S2H).

Sub-clustering of the Endothelial Cluster Indicates the Emergence of Endothelial Sub-

types

We proceeded to perform sub-clustering of the endothelial cluster to reveal additional
substructures. After rigorous quality control (Figure S2I), unsupervised analysis revealed 3
endothelial sub-clusters (Figure 2F and Table S6) that were further annotated based on
lineage-specific marker expression (Figure 2G) (De Val and Black, 2009). Compared with
sub-clusters 0 and 2, sub-cluster 1 expressed high levels of early hemangioblast markers
ETV2and FOXC2Z, but low levels of more mature endothelial markers PECAM1/CD31,
SOX17, and CDH5, suggesting an immature endothelial status (Figure 2G). Multiple arterial
markers, such as NOTCH4, DLL4, and CXCR4, were all highly expressed in sub-cluster 0,
indicating an arterial identity (Figure 2G). In comparison, venous markers NR2F2and
EPHB4 were completely absent in the arterial sub-cluster 0, but enriched in sub-clusters 1
and 2 (Figure 2G), both of which may have the potential to acquire a venous identity.

We also performed unsupervised lineage trajectory analysis to reconstruct the endothelial
lineage relationship (Figure 2H). In agreement with vasculature development, expression
levels of early hemangioblast markers FOXC2and ETVZ2displayed a time-dependent
decrease along pseudotime (Figure 21). Notably, S/XZ expression displayed a similar
downregulating trend with FOXC2and ETV2 (Figure 2I). In comparison, expression levels
of more mature endothelial markers PECAM1/CD31, CDH5, and FLT1 gradually increased
along pseudotime (Figure 2I). We also conducted GO analysis based on DEGs identified at
each branchpoint. It is worth noting that only two biological processes were identified at
branchpoint 2, and both were highly correlated with vascular development (Figure S2J and
Table S7). Furthermore, multiple biological pathways at branchpoint 3 and 4 were closely
associated with blood vessel formation, morphogenesis, and patterning (Figure S2J and
Table S7). Within the endothelial lineage trajectory, we identified 9 distinct cell states
(Figure 2H, lower panel). Examination of representative marker genes indicated that cell
state 2 and 9 may represent arterial endothelial sub-types (Figure 2J). Along the endothelial
lineage trajectory, we also observed a divergent trend of arterial and venous marker
expression (Figure 2K). Collectively, we provide the first evidence that, in the absence of
exogenous vascular growth factors (Czerniecki et al., 2018) or sheer stress (Homan et al.,
2019), the vascular network within hPSC-derived kidney organoids has already established
the underpinning program for specification into endothelial sub-types.
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Coordinating Differentiation of Multiple Cellular Components in Kidney Organoids by
Modulating WNT Signaling

During development, accurate patterning of different nephron segments along the proximal-
distal axis is crucial for kidney function later in life. Over the course of differentiation,
hPSCs gradually adopted a transcriptomic profile indicating acquisition of nephron
segmentation (Figure S3A). In day 24 organoids, nephron-like structures have already
established a distinctive proximal-distal pattern, with glomeruli (WT1*NPHS1") located at
the most proximal end, followed by proximal (LTL*LRP2*CDH6*AQP1*), medial (JAG1*),
and distal-connecting tubules (CDH1*AQP2*) (Figure 3A and S3B). ME/SI, PDGFRB, and
low levels of W71 were expressed in stromal cells (Figure S3C), whereas FOXD1
expression was mainly detected in podocytes as recently described (Lindstrom et al., 2018b,
Brunskill et al., 2011). We observed a small amount of tubule segments that expressed
CK8*CALBL1* (Figure 3A, white arrow) or CDH1*AQP2* (Figure S3B). These may
indicate a distal-connecting tubule identity (Horster, 2000, Kortenoeven et al., 2013), as we
did not identify morphologically distinctive ureteric bud (UB)-like structures. Furthermore,
although scRNA-seq revealed GO terms associated with UB development during day 10-14
of differentiation (Table S3), bulk RNA-sequencing (RNA-seq) only detected marginal
induction of AQP2 and GATAS3 in day 24 organoids (Figure S3D), indicating a culture
condition favoring NPC-derived lineages. These kidney organoids could be maintained in
liquid-air interface culture for more than 2 months without losing cellular
compartmentalization (Figure S3E).

Preferential enrichment of specific nephron segments would greatly facilitate the study of
segment-specific phenotypes, such as tubule cyst formation. Multiple signaling pathways are
implicated in patterning the proximal-distal axis of nephron, such as WNT, BMP, and
NOTCH (Munro et al., 2017, Mills et al., 2017, Lindstrom et al., 2015). During kidney
development, renal vesicles have already acquired features that indicate the establishment of
proximal-distal polarity relative to the adjacent UB (Lindstrom et al., 2018e). Thus, we
asked whether modulation of WNT signaling in nascent renal vesicles could alter the relative
ratio of proximal versus distal segments within kidney organoids (Figure 3B, upper panels)
(Lindstrom et al., 2015, Schneider et al., 2015). To do this, we treated day 14 kidney
organoids that were largely comprised of renal vesicles (Figure S3F), with 1 uM patterning
CHIR for various durations (0-10 days). Gene expression profiling indicated a positive
correlation between the length of exposure to patterning CHIR and the expression levels of
medial-distal markers (Figure 3C). Segment-specific marker staining further validated that
high levels of WNT signal favored distal segment formation (Figure 3D, upper panels) and
larger organoids (Figure S3G). Following 10 days of patterning CHIR treatment, kidney
organoids were almost fully comprised of tubules, whereas an absence of patterning CHIR
led to an exceptionally high glomerulus-to-tubule ratio (Figure 3E and 3F).

In accordance with this observation, kidney organoids with a high glomerulus-to-tubule ratio
possessed a richer vascular network than those with a high tubule-to-glomerulus ratio, due to
the correlative VEGFA production by podocytes (Figure 3B—3D, lower panels). On the
contrary, kidney organoids exhibited a smaller vascular network when exposed to patterning
CHIR for a longer time (Figure 3B-3D, lower panels), in correlation with a reduction in
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VEGFA secretion (Figure 3G). To rule out the possibility that higher levels of WNT signal
directly interrupted the established vasculature, we performed an additional CHIR treatment
at a later differentiation time point, when all the cellular components were already defined
within kidney organoids. After 20 days of differentiation, neither nephron structure nor
vascular network was affected by an additional CHIR treatment (Figure S3H). In summary,
by modulating WNT signaling, we successfully adjust the relative proportion of proximal
versus distal segments within hPSC-derived kidney organoids. Simultaneously, the
communication between glomerular podocytes and endothelial cells via VEGFA signaling
patterns a correlative vascular network.

Functional Validation of hPSC-Derived Kidney Organoids

Next, we employed an in vitro dextran uptake assay to examine whether these kidney
organoids exhibited physiologically relevant features (Figure 4A). After 4 hours of dextran
pulse, hPSC-derived kidney organoids uptook 10 kDa and 70 kDa dextrans, but excluded
2,000 kDa dextran (Figure 4B, left panels). Likewise, 24 hours later, both 10 kDa and 70
kDa dextrans, but not 2,000 kDa dextran, were retained within LTL* proximal tubule
epithelial cells (Figure S4A and 4B, right panels). This observation was further verified by a
similar dextran uptake assay conducted using kidney aggregates derived from E12.5 mouse
embryonic kidneys (Figure S4B) (Unbekandt and Davies, 2010, Xia et al., 2014).

It is crucial for renal microvessels to associate with respective nephrons in a timely manner
to ensure the establishment of glomerular filtration apparatus. We noticed that despite the
plethora of endothelial cells within these kidney organoids, most glomeruli were avascular
(Figure S4C). This was possibly due to a lack of hemodynamics (Homan et al., 2019).
Therefore, we implanted 4-week old kidney organoids beneath the renal capsule of
immunocompromised mice (NSG) (Figure S5A). We observed a time-dependent increase in
both the implant size and the number of perfused vessels that were visible on the surface of
implants (Figure S5A). Upon implantation, glomeruli gradually acquired a much more
mature architecture. Within implants, the slit diaphragm protein Nephrin adopted a puncta-
like membrane distribution, different from the ubiquitous membrane distribution seen in /n
vitro organoids (Figure 5A). We also identified a PDGFRB* mesangial population within
glomeruli after implantation (Figure 5A). Furthermore, the implanted kidney organoids
established a discernible Bowman’s capsule space in between podocytes and parietal
epithelial cells (Figure 5B and S5B). More importantly, the implanted kidney organoids
developed morphologically distinct glomerular capillary tufts that were perfused by red
blood cells (Figure 5B and S5C). A human-specific CD31 antibody revealed that human
endothelial cells contributed to glomerular capillary tufts (Figure 5C). At ultrastructural
level, podocytes developed highly elaborate cellular processes (Figure S5D), while proximal
tubules displayed very well-developed apical microvilli and cilia (Figure S5E). Adjacent
epithelial cells were perfectly sealed by tight junctions (Figure S5E). We also observed
fenestrated endothelium (Figure S5F) and glomerular basement-like membrane (Figure
S5F), both of which contributed to the establishment of the putative glomerular filtration
barrier (Figure S5F).

Cell Stem Cell. Author manuscript; available in PMC 2020 September 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Low et al.

Page 10

To further evaluate the functional maturation status of kidney organoid implants, we
systemically injected dextran of different molecular weights into NSG mice, 4 weeks after
they received an implant (Figure 5D). Animals were sacrificed 2 hours post injection. 70
kDa dextran was detected within glomerular capillary tufts and proximal tubules (Figure 5E
and 5F, upper panels), strongly suggesting that the implanted kidney organoids could
perform preliminary filtration and reabsorption. The reabsorbed 70 kDa dextran formed
small puncta that resembled endosomes inside LTL* proximal tubule epithelial cells (Figure
5F, middle panel, white arrows). In contrast, host mice injected with 2,000 kDa dextran or
with phosphate buffered saline (PBS) did not exhibit co-localization of LTL and dextran
within implants (Figure 5E, middle and bottom panels). Nevertheless, 2,000 kDa dextran
was detected within vessel lumen, indicating successful anastomosis but a lack of filtration
and reabsorption (Figure 5F, lower panels). These results suggest a size-selective filtration
and reabsorption instead of capillary leaking, as wild-type mouse kidneys handled dextran of
different molecular weights in a similar manner (Figure S5G and S5H). Furthermore, kidney
organoid implants accumulated putative filtrate within some distal tubules, reminiscent of
those observed in wild-type mouse kidneys (Figure S5I, black arrows) (Sharmin et al.,
2016). Transcriptomic profiling showed that implantation increased the correlation between
hPSC-derived kidney organoids and human fetal kidneys from the first and second trimester
of pregnancy (Figure 5G) (Lindstrom et al., 2018c, Lindstrom et al., 2018d, Lindstrom et al.,
2018e). These results point out that implantation greatly facilitated structural and functional
maturation of hPSC-derived kidney organoids.

ARPKD iPSC-Derived Kidney Organoids Recapitulate Cystogenesis

To explore the translational application of our differentiation platform, we generated iPSCs
from ARPKD patient-derived fibroblasts using an integration-free reprogramming approach
(Okita et al., 2011). Sanger sequencing revealed that this patient harbors compound
heterozygous mutations within exon 5 and exon 65 of PKHDI locus (Figure S6A). Because
ARPKD is a recessive disorder, we used the CRISPR-Cas9 gene-editing tool to correct c.
11630del T mutation within exon 65, and generated isogenic iPSC lines (Figure S6B and
S6C). Both ARPKD iPSCs and corrected-ARPKD iPSCs expressed pluripotency markers
and presented tri-lineage differentiation potential (Figure S6D and S6E). When subjected to
kidney organoid differentiation, both types of iPSCs displayed similar kinetics and
efficiency (Figure S7A), and gave rise to 3D kidney organoids comprised of nephron
structures that were correctly patterned along the proximal-distal axis (Figure 6A and S7B).
We observed a low incidence of spontaneous cyst formation in ARPKD kidney organoids
following extended culture, as previously described (Figure S7C) (Freedman et al., 2015).
This may be because environmental stress is generally required, in combination with genetic
aberration, for cyst formation (Takakura et al., 2009, Wang and Dong, 2016). We therefore
challenged kidney organoids with either forskolin or 8-Br-cAMP to increase intracellular
cAMP levels, a cellular hallmark of PKD (Harris and Torres, 2014, Torres and Harris, 2014).
ARPKD kidney organoids exhibited drastic cystogenesis upon the upregulation of
intracellular cAMP (Figure 6B and S7D), in a dose-dependent manner (Figure S7E). In
contrast, corrected-ARPKD kidney organoids showed marginal cyst formation, resembling
that of wild-type hPSC-derived kidney organoids (Figure 6B).
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During cystogenesis, ARPKD kidney organoids showed a time-dependent enlargement of
tubule lumen, first proximally and later extended to distal regions (Figure 6C, left panels).
This is well-aligned with a proximal tubule origin of fetal renal cysts during the first and
second trimester of pregnancy (Gunay-Aygun et al., 2006, Nakanishi et al., 2000, Woollard
et al., 2007). Furthermore, there was a gradual reduction in the expression of segment-
specific markers as cystogenesis progressed (Figure 6C, left panels). After one week of
forskolin treatment, tubule cysts covered more than 80% of the entire kidney organoid, with
distorted glomeruli squeezed in between cysts (Figure 6C, right most panel). We conducted
in vitro dextran uptake assay to evaluate the effect of cysts on kidney organoid function.
Non-cystic ARPKD kidney organoids uptook dextran in a size-selective manner (Figure 6D,
left panels), comparable with wild-type hPSC-derived kidney organoids (Figure 4B). Upon
cyst formation, LTL* proximal tubule epithelial cells completely lost the capability to uptake
dextran, regardless of the molecular weight (Figure 6D, right panels), possibly due to the
loss of LRP2 expression in the cyst lining proximal tubular epithelial cells (Figure S7F).
Collectively, these findings validate the robustness of our differentiation protocol, allowing
us to extend these efforts to a wider range of genetic kidney diseases and to tailor patient-
specific therapeutics.

Testing the Effects of Chemical Compounds on ARPKD Kidney Organoid Cystogenesis

Compared to mouse genetic models or patient biopsy-derived primary culture, it is certainly
appealing to use patient iPSC-derived kidney organoids for drug screening. To provide a
proof-of-concept, we evaluated the effects of two chemical compounds on forskolin-induced
cystogenesis in ARPKD kidney organoids. Thapsigargin, which releases intracellular Ca2™,
inhibited forskolin-induced cystogenesis in a dose-dependent manner, likely by remediating
defective Ca2* homeostasis typically seen in PKD (Figure 7A and 7B) (Torres and Harris,
2006, Harris and Torres, 2009). Additionally, an inhibitor of cystic fibrosis transmembrane
conductance regulator (CFTR), a chloride channel that facilitates trans-epithelial fluid
secretion (Davidow et al., 1996), also effectively blocked ARPKD kidney organoid cyst
formation in a dose-dependent manner, as previously described using both human primary
PKD cell culture and a genetic mouse model (Figure 7C and 7D) (Hanaoka et al., 1996,
Yang et al., 2008). These data strongly demonstrate that our kidney organoid platform may
provide a physiological and species-relevant preclinical model for the evaluation of
candidate drugs prior to clinical trials.

DISCUSSION

Kidney organoids hold unprecedented advantages for understanding human kidney
development and physiology, as well as for translational medicine. However, intrinsic
limitations within current kidney organoids, such as variability in composition and structural
organization, lack of vasculature and functionality, grievously limit their application. Hence,
we have developed a highly robust protocol for efficiently differentiating hPSCs into
segmentally patterned 3D kidney organoids that are associated with a de novo vascular
network (Figure 1A-1E). Through precise modulation of WNT signaling, our protocol
effectively controls the relative proportion of proximal versus distal segments within kidney
organoids (Figure 3B-3F), a major advance over previous methods that used y-secretase
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inhibitor DAPT to selectively inhibit proximal tubule formation (Cheng et al., 2007,
Morizane et al., 2015). The establishment of a specific glomerulus-to-tubule ratio further
determines a correlative level of podocyte-produced VEGFA, which coordinates the volume
of the resident vascular network (Figure 3B—-3G). Although the existence of vascular
endothelial cells within hPSC-derived kidney organoids has been described, the low
abundance and dependence on an exogenous source of VEGFA preclude them from
presenting the physiologically relevant communication with the epithelial population
(Takasato et al., 2015, Czerniecki et al., 2018). Therefore, our kidney organoid culture
system may provide a reliable platform for investigating renal diseases that are associated
with deterioration of renal microvessels, such as diabetic nephropathy.

Kidney organoids have been utilized to investigate various aspects of human embryonic
kidney development. Several recent studies synergized scRNA-seq with organoid culture to
provide a deeper understanding of the cellular components within hPSC-derived kidney
organoids, as well as to recapitulate lineage relationship during kidney development
(Phipson et al., 2019, Wu et al., 2018, Czerniecki et al., 2018). The potency and consistency
with which vasculature can be generated within our kidney organoids provide the possibility
to study the developmental origin of renal vasculature, which has yet been fully resolved
(Munro et al., 2017, Hu et al., 2016, Mugford et al., 2008, Risau, 1998, Abrahamson et al.,
1998). The McMahon group reported that E7.5-E8.5 OSR1* mouse intermediate
mesodermal cells contribute at least partially to renal vasculature, suggesting an intra-renal
origin (Mugford et al., 2008), whereas the Davies group demonstrated that mouse kidney
vasculature was formed primarily via angiogenesis (Munro et al., 2017). We have employed
scRNA-seq to scrutinize the early stage of nephrogenesis, during when multiple renal
lineages emerge, including endothelium. Unsupervised analysis provides the first evidence
that a subpopulation of NPCs may serve as a non-conventional source of renal vasculature
(Figure 2), which was further supported by the revelation of SIX1*CD31* (SALL1*CD31")
cells in the second trimester human fetal kidneys (Figure S2H). Reconstruction of the
endothelial lineage trajectory strongly indicates that, along pseudotime, the resident vascular
endothelial cells acquires stage-specific lineage properties reminiscent of endothelial
development (Figure 2G-2l), including the preliminary specification into endothelial sub-
types (Figure 2J and 2K). Our study provides a proof-of-concept that synergism of single-
cell sequencing and organoid biology can complement genetic animal models in identifying
novel lineage relationship during human embryonic development.

Previous studies demonstrated that hPSC-derived kidney organoids can uptake dextran via
proximal tubule epithelium /n vitro (Freedman et al., 2015, Morizane et al., 2015, Takasato
et al., 2015, Czerniecki et al., 2018). The advantage of the kidney organoids described here
is that they can uptake dextran in a size-selective manner both /n vitroand in vivo (Figure 4
and 5). This physiological feature could be harnessed as a functional readout in modeling
tubular kidney diseases. For example, cystic kidney organoids have lost the capability to
uptake dextran in a size-selective manner (Figure 6D). Previous studies have successfully
implanted hPSC-derived kidney organoids or nephron progenitors, but in these cases the
origin of glomerular capillary tufts was not clearly described (Sharmin et al., 2016,
Bantounas et al., 2018, van den Berg et al., 2018), and there was a lack of functional
validation. A recent report showed that chick embryo chorioallantoic membrane is highly

Cell Stem Cell. Author manuscript; available in PMC 2020 September 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Low et al.

Page 13

amenable for vascularizing kidney organoid implants, although a functional evaluation was
also missing (Garreta et al., 2019). /n vivo implantation facilitates both structural and
functional maturation of these kidney organoids, as exemplified by the formation of
glomerular capillary tufts of a human origin (Figure 5C), the establishment of the putative
glomerular filtration barrier (Figure S5F), and the size-selective dextran handling (Figure
5D-5F). Nonetheless, these kidney organoid implants exhibit an overall similarity to human
fetal kidneys from the first and second trimester of pregnancy (Figure 5G) (Takasato et al.,
2015, Lindstrom et al., 2018c, Lindstrom et al., 2018d, Lindstrom et al., 2018e). It is likely
that additional approaches, such as chromatin remodeling and epigenetic reprogramming,
may be needed to advance the developmental stage of hPSC-derived kidney organoids.

One of the ultimate goals for generating patient iPSC-derived kidney organoids is to model
disease pathogenesis and to perform personalized drug validation. We have successfully
recapitulated renal cyst formation using kidney organoids derived from ARPKD iPSCs
(Figure 6B). These cystic kidney organoids exhibit defects typically seen in PKD patients
(Figure 6C and 6D) (Birn and Christensen, 2006). More importantly, these cystic ARPKD
kidney organoids represent an amenable platform to test drugs in a patient-specific manner
(Figure 7). Earlier studies by the Freedman group used PKDI7-and PKD27/hPSCs, instead
of PKD patient-derived iPSCs, to model PKD cystogenesis, possibly owing to inconsistent
differentiation outcomes (Freedman et al., 2015, Cruz et al., 2017, Czerniecki et al., 2018).
Due to the tight correlation between patient genetic background and drug responsiveness,
generating high quality kidney organoids from patient iPSCs will enable drug validation in a
patient-specific manner. Combined with the recently developed high throughput methods
(Czerniecki et al., 2018, Przepiorski et al., 2018), our kidney organoid differentiation
platform holds great promise for realizing large-scale drug screening to improve patient
outcomes.

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Yun Xia (yunxia@ntu.edu.sg).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—H9 (WAQ9) female and H1 (WAO01) male human embryonic stem cells
(WiCell) or ARPKD iPSCs (parental ARPKD patient fibroblasts (GM10287) obtained from
Coriell Institute for Medical Research) were cultured in TeSR on growth-factor-reduced
Matrigel-coated plates. For routine maintenance, 70-80% confluent hPSCs were treated
with Dispase (Invitrogen) for 5 mins, then dissociated into small clumps by mechanical
force, and passaged onto Matrigel-coated plates at a ratio of 1:5-1:10.

To generate iPSCs from ARPKD patient, one million human fibroblasts (Coriell GM10287)
were electroporated with pCXLE-hOCT3/4-shp53-F (or pPCXLE-hOCT3/4), pCXLE-hSK,
and pCXLE-hUL using a Nucleofector kit (Lonza), as described previously (Okita et al.,
2011). Six days after nucleofection, fibroblasts were reseeded onto mitotically inactivated
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mouse embryonic fibroblasts (MEFs). The medium was switched to hPSC medium on the
following day. The iPSC colonies were allowed to grow until they were ready to be
mechanically picked and transferred onto MEFs. Upon successful expansion of the iPSC
lines on MEFs, they were then cultured on Matrigel (BD Biosciences) in TeSR.

Human samples—Human fetal kidney samples from donors (17 weeks, male; 21 weeks,
female) were obtained from Kandang Kerbau Women’s and Children’s Hospital (KKH) with
written consent from donors. SingHealth and National Health Care Group Research Ethics
Committees Singapore specifically approved this study (CIRB Ref: 2012/064/F).

Mouse strains—NOD.Cg-Prkdcscid. [12rgtmWil/SzJ (NSG) mice and CD-1 mice were
purchased from Jackson Laboratory. Mice were housed in a specific pathogen-free animal
facility in plastic cages on 12 h/12 h light/dark cycle and fed with standard chow diet. 8-10
weeks old NSG mice were used for implantation assay, followed by /7 vivo dextran assay
(IACUC #A0346). 8-12 weeks old CD-1 mice were used for /n vivo dextran assay (IACUC
#A0346). 8-10 weeks old CD-1 mice were bred for E12.5 embryonic kidneys for generating
mouse embryonic kidney aggregates (IACUC #A0289). All animal experiments were
performed in accordance with institutional guidelines and approved by the Institutional
Animal Care and Use Committee (IACUC) of Nanyang Technological University Singapore.

METHODS DETAILS

Induction of kidney organoids from human pluripotent stem cells (hPSCs)—
hPSCs were dissociated into single cells with Accutase (STEMCELL Technologies), and
plated onto Matrigel (BD Biosciences)-coated plates at a density of ~15,000 to ~24,000
cells/cm2. The plated cells were cultured in TeSR supplemented with 10 uM Y-27632
(Sigma) for 24 hours, followed by another 48—72 hours culture in TeSR to reach a
confluence of 50-60%.

To induce primitive streak, cells were cultured in basal differentiation medium (Advanced
RPMI 1640, 1x L-GlutaMAX, 1 x NEAA) (Life Technologies) supplemented with 10 uM
CHIR99021 (Sigma) for 4 days with daily media change. Next, to induce nephrogenic
intermediate mesoderm, cells were cultured in basal differentiation medium, without any
growth factor for 3 days with daily media change. Subsequently, to induce nephron
progenitors, cells were cultured in basal differentiation medium supplemented with 50
ng/mL FGF9 (Peprotech) and 3 uM CHIR99021 with daily media change for 2 days. From
day 10 of differentiation onward, cells were cultured in basal differentiation medium
supplemented with 50 ng/mL FGF9 until day 20. On day 14 of differentiation, the organoid
can be cultured in differentiation medium supplemented with 1 pyM CHIR99021 for 1 to 10
days (patterning CHIR) to modulate the proportion of proximal-versus-distal segments.
From day 20 of differentiation onward, basal differentiation medium was used for organoid
culture.

Generation and patterning of three-dimensional (3D) kidney organoids—To
generate 3D kidney organoids, day 10-12 differentiating cells were dissociated into single
cells by-Accutase. 2.5-5 x 104 cells (per well) were aggregated in basal differentiation
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medium supplemented with 50 ng/mL FGF9 and 10 uM Y-27632 using round bottom ultra-
low attachment 96-well plates (Corning). 24 hours later, Y-27632 was removed. To generate
kidney organoids with a high glomerulus-to-tubule ratio, no patterning CHIR was added. To
generate kidney organoids with a high tubule-to-glomerulus ratio, 10 days patterning CHIR
was applied from day 14 to day 24 of differentiation. 3D kidney organoids were transferred
onto the upper chamber of Transwell (Corning) for liquid-air interface culture on day 16-18
of differentiation (5-7 days after aggregation), with daily media change at the bottom
chamber.

Taking H9 ESCs as an example, we seeded ~21,000 cells per cm?2, and started differentiation
when the cells reached 50-60% confluence. On day 10-12 of differentiation, we dissociated
the differentiation culture into single cells, and re-aggregated into cell clusters with a
gradient of cell numbers (5,000-75,000 cells per organoid). One million starting human
ESCs could give rise to approximately 3,500 kidney organoids that were aggregated with
35,000 cells per organoid.

Single-cell RNA-seq library preparation—Day 10, Day 12 and Day 14 kidney
organoids were dissociated into single cells with Accutase, followed by passing through a 40
um filter thrice to remove cell clumps. Dissociated cells were subsequently stained with
trypan blue and confirmed to have at least 80% viability. A minimum of 7000 dissociated
cells were loaded per well for single-cell RNA-seq library preparation with the Chromium
Single Cell 3" Gene Expression Solution according to the manufacturer’s recommendations.
Libraries generated were sequenced on Illumina HiSeq 4000 platform. We captured a total
of 15,834, 6,554 and 41,534 single cells from Day10, Day12 and Day14 dissociated cells
loading across 2, 1 and 6 capture wells, respectively. 73,000, 56,300 and 55,856 raw mean
reads were obtained per cell from the captured Day10, Day12 and Day14 single cells.

Generation of gene corrected ARPKD iPSCs—To construct SgRNA expression
vectors, 19 bp target sequence were sub-cloned into pPCAGmCherry-gRNA (Addgene
87110). The CRISPR/Cas9 target sequences (19 bp target and 3 bp PAM sequence
(underlined)) used in this study are shown as following: PKDH1 exon 65
(ATGGCTGGCTCTGAGCTGTCGG). Cas9 expression plasmid (pCas9_GFP) was obtained
from Addgene (44719).

The donor oligo for gene correction (5’-
TGCTTCTTTTAAGCCAACAGCACACCAGACAGCTCAGAGCCAGCCATGAGGCCAC
AGAGG-3’) was purchased from Valuegene (San Diego). To generate gene-corrected iPSCs,
1.5 x 107 feeder-free cultured iPSCs were dissociated by TrypLE (Invitrogen), and
resuspended in 1 ml of medium with 10 UM Y-27632. Cas9 expression plasmid
(pCas9_GFP, 15 ug), sgRNA expression plasmid (15 ug) and the donor oligo (30 pg) were
co-transfected by electroporation using the BioRad Gene Pulser Il (a single 320 V, 200 pF
pulse at room temperature) with 0.4 cm gap cuvette. Cells were plated at high density on 4
of 6-well plate coated with Matrigel. Two days after electroporation, GFP-/mCherry-double
positive cells were isolated by FACS (BD FACS Avria I1), and seeded on MEF-feeder plate
with CDF12 medium including Y-27632. Next day, we changed the medium to CDF12
without Y-27632. After 2—-3 weeks in culture, each single colony were picked into a 96-well
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culture plate and expanded for identification. To isolate gene-corrected clones, exon 65 of
PKDH1 was PCR-amplified with PKHD1-ex65F
(AAAGAAGCTGAAATTTTGCATTGGTATGGA) and PKHD1-ex65R
(ATTTGGCTTTGTGTAATTTTATATTTTAGAGAAGCTCA) using PrimeSTAR GXL
DNA Polymerase (Takara). Amplicons were sequenced with an ABI 3730 sequencer
(Applied Biosystems).

Chemical treatment of hPSC-derived kidney organoids

VEGER inhibition assay.: Kidney organoids cultured on liquid-air interface were changed
to basal differentiation medium supplemented with 10 nM each of FDA-approved VEGFR
inhibitors (Axitinib/ Cediranib/ Tivozanib) for 1 to 3 days. After treatment, kidney organoids
were fixed, and subjected to whole-mount immunofluorescence staining followed by
confocal microscopy imaging.

Cyst induction and inhibition.: ARPKD iPSC and corrected-ARPKD iPSC-derived 3D
kidney organoids were cultured on liquid-air interface until day 28 of differentiation. To
initiate cytogenesis, basal culture medium was supplemented with either forskolin (FSK, 0.1
to 50 uM) or 8-Br-cAMP (200 uM) for 2 to 7 days. Inhibition of cystogenesis was performed
by co-treatment of 10 pM forskolin with either Thapsigargin (100 nM to 300 nM) or
CFTRinh172 (50 uM to 100 uM) for 3 days. Medium was only added into the bottom
chamber of Transwells.

Kidney organoid implantation—hPSC-derived 3D kidney organoids (8-12 organoids
per kidney) were implanted beneath the renal capsule of NSG mice. 2—4 weeks later, mice
were sacrificed, and implants were isolated for further analysis.

Dextran uptake assay—/n vitro dextran uptake assay. Kidney organoids were incubated
with 100 pug/mL of fluorescence-labeled dextran for 4 hours (pulse). 4 hours later, kidney
organoids were switched to fresh medium and live cell culture images were captured using a
wide-field fluorescence microscope (pulse). Kidney organoids were then cultured in the
absence of dextran for another 24 hours (chase), before being fixed for immunofluorescence
analysis. /n vivo dextran uptake assay. 200 pL of fluorescence-labeled dextran (Thermo
Fisher Scientific) (5 mg/ml, 1 mg/animal) were administered into mice through tail vein
injection. The injected mice were sacrificed 2 hours later and kidneys were collected for
further analysis. Phosphate buffered saline injected mice were used as negative control
(N.C.).

Transmission and Scanning Electron Microscopy—Implanted organoids were
recovered two weeks after implantation and fixed in 2% glutaraldehyde and 1%
paraformaldehyde in 0.1 M phosphate buffer for 15 mins. The implants were dissected into
small cubes (~2 mm x 2 mm), fixed in fresh fixative solution overnight at 4 °C. After
fixation, samples were washed 5 x 5 mins in 0.1 M phosphate buffer and stored at 4 °C.

For TEM, samples were stained with 2% osmium tetroxide solution containing 2%
potassium ferrocyanide for 2 h. Subsequently, samples were dehydrated in increasing
concentrations of ethanol (25%, 50%, 75%, 95%, 100%) and acetone (100%) before
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infiltration with increasing concentrations of acetone : epon resin mixture (1:1 for 1 h, 1:6
for overnight; absolute resin for 1 h) (Polysciences Inc, PA, USA). Absolute resin was
replaced every 1 h for 3 times before curing at 60 °C for 48 h. Blocks were sectioned using
Leica EM UC?7 ultramicrotome (Leica Microsystems, Wetzlar, DE) at 500 pm for semi-thin
sections and 130 pum for ultra-thin sections. Sections were contrasted using 4 % (w/v) uranyl
acetate solution for 5 mins, 5 x washes in distilled water, followed by Reynold’s lead citrate
solution for 5 mins and 5 x washes in distilled water. Images were collected using either
JEOL JEM1010 or JEOL JEM1200.

For SEM, samples were fixed with 1% osmium tetroxide solution for 2 h. Subsequently,
samples were dehydrated in increasing concentrations of alcohol (25%, 50%, 75%, 95%,
100%) before drying in a critical point dryer. Samples were mounted on the stub using
carbon tape before sputter coated with gold. Images were collected using FEI Quanta 650
FEG.

Histology—Implanted kidney organoids were fixed overnight in 4% paraformaldehyde
(PFA) at 4°C. /n vitro cell cultures and organoids were fixed for 30 mins in 4% PFA at room
temperature. For frozen sections, samples were subjected to sucrose gradient treatment
overnight prior to being embedded in Tissue-Tek O.C.T. Compound (Sakura Finetek).
Cryosections (8 pum) were generated using a cryostat (Leica). For paraffin embedded
sections, tissues were subjected to overnight processing followed by being embedded in
paraffin (Leica). Tissue sections (2—-4 um) were generated using a microtome (Leica).
Hematoxylin and Eosin (H&E) staining was performed according to the manufacturer’s
instruction. For immunostaining, sections were de-paraffinized and subjected to antigen
retrieval procedure in citrate buffer (pH 6.0, 95°C) for 45 mins before staining (see detailed
staining protocol below).

Immunostaining and confocal imaging—~Fixed cell cultures or 3D kidney organoids
were permeabilized using phosphate buffered saline (PBS) supplemented with 0.5% Triton
X-100 for 15 mins at room temperature. Blocking was performed for 1 hour at room
temperature using a blocking buffer (PBS supplemented with 2% FBS, 2% BSA and 0.1%
Triton X-100). Subsequently, cells were incubated with primary antibodies overnight at 4 °C
with agitation. Cells were then washed three times with PBST (PBS supplemented with
0.1% Tween-20) and followed by 2 hours incubation with secondary antibodies at room
temperature. Cells were then washed three times with PBST before mounting with
Fluoromount-G (Southern Biotech). Confocal image was captured using a Zeiss LSM800
laser-scanning microscope (Carl Zeiss) equipped with 20x, 40x or 63x oil-immersion
objectives.

RNA purification and quantitative RT-PCR (gRT-PCR)—Total RNA was isolated
from cells using Trizol (Invitrogen). RNA was purified using Quick-RNA kit (Zymo
Research) with DNase treatment. 500 ng total RNA of each sample was reverse transcribed
using iScript cDNA synthesis kit (Bio-Rad). Quantitative real-time PCR was carried out
using QuantStudio 6 (Applied Biosystems) and SYBR Green Supermix (Bio-Rad). Relative
MRNA expression levels were quantified by the AACt method and normalized to GAPDH or
185 rRNA gene expression. All of the sample analyses were carried out in triplicates. In the
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event that the gene expression level is undetectable, a Ct value of 40 was assigned. Detailed
primer information is provided in Mendeley data.

Embryonic body formation assay—hPSCs were treated with Dispase for 5 minutes,
mechanically dissociated into small clumps, and transferred into low attachment 6-well
plates in differentiation medium (DMEM/F12, 15% KnockOut™ serum replacement,
IxGlutaMAX, IXNEAA, and 55 nM B-mercaptoethanol), with medium change every other
day. After 21 days of culture, cells were collected for further analysis.

Fluorescence-activated cell sorting (FACS)—Cell culture was dissociated into single
cells using Accutase and blocked for 30 mins in blocking buffer (PBS supplemented with
2% FBS and 2% BSA). For cell surface protein, primary antibody incubation was performed
on ice for 30 mins. Cells were washed once with washing buffer (PBS supplemented with
1% FBS and 1% BSA) and incubated with secondary antibody for 30 mins on ice. Cells
were then washed with ice cold PBS before analysis or sorting. For intracellular staining,
cells were fixed using 4% PFA for 15 min at room temperature, followed by
permeabilization (PBS supplemented with 0.2% Triton X-100) for 15 mins at room
temperature prior to blocking and staining. FACS analysis was performed on the
LSRFortessa X-20 and FACS sorting was performed on the FacsAria Fusion.

Introduction of HUVEC cells into 3D kidney organoids—We labelled HUVEC cells
with pLV-eGFP (Addgene 36083) using the 3rd generation lentivirus packaging system. To
generate virus, HEK293XT cells were transfected with pLV-eGFP and the associated
packaging virus plasmid. Virus were collected 48 hours after first media change and filtered
through a 0.45 um filter. HUVEC cells were infected with freshly collected virus and the
successful labelling was confirmed by visualization under fluorescence microscope.

Generation of mouse kidney aggregates from E12.5 embryonic mouse
kidneys—Mouse kidney aggregates were generated as described with minor modification
(Xiaetal., 2014). E12.5 mouse embryonic kidneys were obtained from BALB/cJInv mice
and treated with 0.25% (w/v) trypsin for 15 mins at 37 °C. After neutralizing trypsin using
kidney culture medium (KCM, MEM supplemented with 10% FBS, 10 uM Y-27632 and
1:1,000 normocin) for 10 mins, mechanical force was applied to fully dissociate the kidney
rudiments into single cells for aggregation. 40,000 cells were aggregated in KCM overnight
in liquid culture using low attachment 96-well plates. After 24 hours aggregation, Y-27632
was removed from the culture medium, and aggregates were transferred onto liquid-air
interface culture.

Enzyme-linked immunosorbent assay (ELISA)—Cell culture medium was collected
24 hours after the previous medium change, and centrifuged at 200 x g for 5 mins to remove
cell debris. Human VEGFA levels were analyzed with human VEGF DuoSet ELISA (R&D
systems) and DuoSet ELISA Ancillary Reagent Kit 2 (R&D systems) according to the
manufacturer’s instructions. All sample analyses were carried out in triplicates.

In vivo imaging system (IVIS) assay—We injected 0.2 mg per gram body weight
luciferin (Perkin Elmer) intraperitoneally into mice 5 mins prior to IVIS assay. Mice were
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anesthetized using isoflurane and placed in a prone position in the imaging chamber of the
IVIS machine (Perkin EImer Lumina XRMS). The injected mice were imaged over a 10
mins time period.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-seq data processing—Sequenced reads were aligned to the Hg19 human genome
(GRCh37) with STAR version 2.5.2a (Dobin et al., 2013). Cuffnorm version 2.2.1 (Trapnell
etal., 2014, Trapnell et al., 2013) was used to obtain quartile normalize fragments per
kilobase per million reads (FPKM) expression matrix of genes across all samples. Heatmap
of expression of nephron stage markers and segment-specific markers was generated with R
package pheatmap version 1.0.10 (https://cran.rproject.org/web/packages/pheatmap/
index.html). Cuffdiff2 version 2.2.1 (Trapnell et al., 2013, Trapnell et al., 2010) was used to
identify differential genes between samples. Significant differentially expressed genes
(DEGS) which have false discovery rate (FDR) < 0.05, [fold change| = 1.5, and FPKM = 1 in
one sample group were retained for subsequent analysis. Gene ontology (GO) clustering
enrichment analysis was carried out on DEGs using the Functional Annotation tool in
DAVID 6.7 (Huang da et al., 2009a, Huang da et al., 2009b) under medium classification
stringency for all default annotation categories except protein domains. Clustered annotation
groups were considered significant when group enrichment score was = 1.3, with higher
scores indicative of more significant annotated GO terms.

Single-cell RNA-seq data processing—Cellranger analysis pipeline (version 2.2.0)
was used to align sequenced reads to GRCh38 and aggregate output across all samples.
Quality control and filtering was conducted with Seurat (version 2.3.0) (Butler et al., 2018)
to retain cells with mitochondrial gene content < 5%, total genes expressed between 200 and
7000, as well as number of detected unique molecules < 50,000. 15,560 Day10 single cells,
6,337 Day12 single cells and 40,609 Day14 single cells remained following quality control
and filtering. Gene expression measurements for retained cells were log-transformed,
normalized by total expression per cell, and scaled to 10,000 molecules per cell. We
regressed out non-biological interesting variation in gene expression that is driven by
processing batch, number of detected molecules, and mitochondrial gene content. Highly
variable genes across the single cells were then identified and principal components (PCs)
analysis was conducted. 8 PCs were selected as input for t-Distributed Stochastic Neighbor
Embedding (tSNE) for Day10, Day12, Day14 cells. We conducted unsupervised lineage
trajectory analysis on a downsampled set of Day10, Day12, Day14 cells (6,251 cells, 10% of
all cells) with Monocle2 (version 2.10.0) (Qiu et al., 2017, Trapnell et al., 2014). In brief,
genes with mean expression value = 0.05 were used to order cells along the trajectory.
Significant differentially expressed genes (DEGs, g-value < 1e-4) at branch points along the
trajectory were identified using branched expression analysis modeling (BEAM) function of
Monocle2. Significant branch specific DEGs were visualized in a branched heatmap to
observe changes in both cell fates concurrently. Genes with similar lineage-dependent
expression patterns were identified from the hierarchical clustering of branch specific DEGs
and classified into up- or down-regulated branch specific DEGs. GO analysis was conducted
on the identified up- or down-regulated branch specific DEGs to elucidate modulated
biological processes at each branch point. tSNE and unsupervised lineage trajectory analysis
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were also conducted on the endothelial subcluster identified in Day10, Day12, Day14
(cluster 10) using the above-described method with the variation of 7 PCs selection as input
for tSNE.

Correlation expression profile with human fetal kidney transcriptome—We
conducted correlation analysis of our in vivo - Day 24 kidney organoids, in vivo — 2 weeks
kidney organoid implants and in vivo — 4 weeks kidney organoid implants with human fetal
kidney expression data from GSE100859 (Lindstrom et al., 2018b) that consisted of human
kidney datasets at 9.5 week (3 replicates), 11 week (1 replicate), 13 week (2 replicates), 17
week (2 replicates) and 21 week (1 replicate). Pearson’s correlation was calculated with the
cor R function and plotted as a square matrix with R package corrplot version 0.84
(Friendly, 2002, Murdoch and Chow, 1996) with significant correlated features (p < 0.05)
indicated by blue shaded squares.

Image quantification and statistical analysis—Organoids were stained with LTL
(proximal tubule), CDH1 (distal tubule) and Nephrin (glomerulus). Whole mount confocal
images were acquired and used to visualize different segments using different color
channels. Images were processed and quantified using ImageJ (NIH). The scale of images
was first standardized and converted to 8-bits to adjust the threshold of pixel intensity. The
percentage of specific segments were calculated against the sum of three segments.
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Highlights
. Modulation of WNT generates vascularized and segmentally patterned kidney
organoids
. Single-cell analysis identifies a non-conventional origin for renal vasculature
. Structural and functional maturation of kidney organoids occurs upon
implantation

. Cystic kidney organoids from ARPKD iPSCs enable personalized drug
validation
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Figure 1. Differentiation of hPSCs into Vascularized 3D Kidney Organoids
(A) Schematic of differentiation protocol.

(B) Immunofluorescence analysis for markers of primitive streak (T, MIXL1), intermediate
mesoderm (WT1, HOXD11), nephron progenitor (SALLZ, SIX2), pre-tubular aggregate
(LHX1, PAX8), podocyte (NPHS1), vascular progenitor (KDR), and endothelial cell (CD31)
during differentiation. Scale bars, 200 um.

(C) Representative bright-field images of 3D kidney organoids (upper panel: Day 15 kidney
organoid in liquid culture; lower panel: Day 24 kidney organoid in liquid-air interface
culture.). Scale bars, 200 pm.

(D and E) Whole-mount immunofluorescence analysis of 3D kidney organoids (Day 24).
(F)Time course analysis of VEGFA gene expression (line) and VEGFA protein secretion
(bars) during differentiation. Data were represented as mean + SEM (7 = 2 independent
experiments, with 3 technical replicates).
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(G) Comparison of VEGFA gene expression levels in PODXL™ and PODXL* cells of
kidney organoids (Day 24). Data were represented as mean = SEM (/7= 2 independent
experiments with 3 technical replicates). Statistical analysis was performed using unpaired
Student’s #test, **** p< 0.0001.

(H) Whole-mount immunofluorescence analysis of 3D kidney organoids (Day 24) treated
with VEGFR inhibitors for 3 days. Scale bars, 200 um.

Cell Stem Cell. Author manuscript; available in PMC 2020 September 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Low et al.

Component2

ISNE_2

Page 29

B . . &
S ST E S S SELEeS &
2 y e 2 e i e
o Feamgmwe o f— | 1 | = |— = = = | e
r— N4 < S AN
8 N i i PR e ik b &b < RS
4}-4’“}’**_ * F *i* ”"}”)"4”‘*% F '\‘F :}*
1 1 o e e | P
7 - EREFEEE e e
5 Y e e B o A - R
s N e e e s e S R S
5 N o o e o L o PR R PR
o mmm b L EE L EEER R elele)e

—~ day oo+ omiz + oane o
2] 8.00%
b 1 6.00%
il _ 4.00%
b 3 e ocox M I m N -
; Ve 9 o oy, 0, %, 0, 0,
g o T

[ .
°;?0 %, %, 4:-,)'7"'; ev@’?v&j%;"a&:"v&j‘» :‘v&jﬁﬂlo
Component 1
¢ \,\&* N .
& & “o*_oq‘y@\ L,o*§ ’S’@& Qy \3\‘&%@& & d@“ Q@ \&« Yéz\& \}@ oq'» “\ @Qg-‘z’

FR DO | w%%»»»ﬁ»
AN -
ool ol e o o w& .d=

s 3 Early endo Mature endo Arterial Venous Proliferating
1SNEL

| Foxc2 ETV2 SIX1 PECAM1/CD31 CDH5 FLT1

1004 * N 1000{F 1, e
B G 5 iRl e n
T 010
’ "_i 001
03

§ % 1o 15 20 5§ 1o 15 20

Relative Expression

o
G 5§ 1o 15 20 6 5 10 15 20
Pseudo-time

J CXCR4 DEPP1 UNCsB EFNB2 K

SR AN AT et

NOTCH4 DLL4

Relative Expression

°

014
5 5 10 15 20 G 5 10 15 20 0 § 10 15 20
Pseudo-time

Figure 2. Single-Cell Transcriptomics Analysis of Early Nephrogenesis
(A) SNE plot displaying 62,506 cells from day 10, 12, and 14 of differentiation.

Unsupervised clustering identified 11 clusters that are marked by different colors.

(B) Violin plots showing expression of representative marker genes.

(C) Ordering of the entire pooled scRNA-seq expression data according to pseudotime
position.

(D and E) Dynamic distribution of cells that express different combinations of S/XZ, KDR,
and PECAM1/CD31, per differentiation time point (D), or per cluster (E).
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(F) SNE plot of cells within the endothelial sub-cluster from (A). Unsupervised clustering
identified 3 sub-clusters that are marked by different colors.

(G) Violin plots showing expression of representative marker genes within the endothelial
sub-cluster.

(H) Lineage trajectory of the endothelial sub-cluster, by pseudotime (upper panel), or by cell
state (lower panel).

(1) Expression levels of early hemangioblast markers (FOXC2, ETVZ2, S/X1) and more
mature endothelial markers (PECAM1/CD31, CDH5, FLTI) along endothelial lineage
trajectory.

(J) Expression levels of arterial markers along endothelial lineage trajectory.

(K) Divergent trend of arterial (VOTCH4, DLL4) and venous (NRP2, NR2F2) marker
expression along endothelial lineage trajectory.
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Figure 3. Modulating the Proportion of Proximal-versus-Distal Segments and the Vascular
Network within 3D Kidney Organoids

(A) Whole-mount immunofluorescence analysis of nephron segment-specific markers in 3D
kidney organoids (Day 24). Scale bars, 200 pm.

(B) Proposed model for /n vitro kidney organoid patterning (modified from Lindstrom et al.,
2015 and GUDMAP).

(C) Gene expression profiling of 3D kidney organoids (Day 24) with different exposure
lengths to patterning CHIR. Color shading correlates with the relative fold change in gene
expression levels. Data were presented as mean £ SEM (7= 2 independent experiments with
3 technical replicates).

(D) Whole-mount immunofluorescence analysis of 3D kidney organoids (Day 24) with
different exposure lengths to patterning CHIR. Scale bars, 200 pm.

(E) Representative H&E staining images of 3D kidney organoids (Day 24) in the absence or
presence of patterning CHIR. Scale bars, 50 pum.
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(F) Quantification for the ratio of multiple nephron segments in 3D kidney organoids (Day
24) with different exposure lengths to patterning CHIR. Data were presented as mean +
SEM (n= 3 independent experiments).

(G) VEGFA protein secretion by 3D kidney organoids (Day 24) with different exposure
lengths to patterning CHIR. Data were presented as mean + SEM (= 3 independent
experiments).

Cell Stem Cell. Author manuscript; available in PMC 2020 September 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Low et al. Page 33

A
Dextran
\x \\ ]
4 h pulse \ 24 h chase Fixation ®
| 0 @ I > | 2 ¢ | > I aae | Staining'
B 4 h pulse (live culture) 24 h chase and fixed

Dextran Merged Dextran LTL WT1 Merge

. ' *

Figure 4. In Vitro Functional Validation of 3D Kidney Organoids
(A) Schematic of in vitro dextran uptake assay.

(B) Left panels: live images of kidney organoids incubated with fluorescence-labeled
dextran of various molecule weights. Right panels: whole-mount immunofluorescence
analysis of kidney organoids following dextran update assay. Scale bars, 50 pm.
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Figure 5. Structural and Functional Validation of Kidney Organoid Implants
(A) Immunofluorescence analysis of /n vitro kidney organoids and 4 weeks kidney organoid

implants. Scale bars, 50 um.

(B) Representative H&E staining images of kidney organoid implants (4 weeks). Scale bars,
50 pm.

(C) Immunofluorescence analysis of kidney organoid implants (upper panels) and adult
mouse kidney (lower panels). Scale bars, 50 pm.

(D) Schematic of /n vivo dextran uptake assay.

(E and F) Immunofluorescence analysis of kidney organoid implants, the host mice of which
were systemically injected with fluorescence-labeled dextran of various molecule weights,
or with PBS. N.C. denotes PBS negative control. White arrow indicates putative endosome.
Scale bars, 50 um.

(G) Transcriptome correlation plot of /n vitro— Day 24, in vivo— 2 weeks, and in vivo— 4
weeks kidney organoids with human fetal kidneys at week 9, 11, 13, 17 and 21. Correlation
coefficient indicated within squares. Significantly correlated features (p < 0.05) were
indicated by blue shading.
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Figure 6. ARPKD Kidney Organoids Recapitulate Cystogenesis
(A) Whole-mount immunofluorescence analysis of 3D kidney organoids (Day 24) derived

from ARPKD iPSCs and corrected-ARPKD iPSCs. Scale bars, 500 pm.

(B) Representative bright-field images of 3D kidney organoids derived from H9 embryonic
stem cells (ESCs), corrected-ARPKD iPSCs, and ARPKD iPSCs, in the absence or presence
of forskolin (FSK)/8-br-cAMP for 3 days (Day 28 to 31). Scale bars, 500 pum.

(C) Left panels: time course whole-mount immunofluorescence analysis of ARPKD kidney
organoids treated with 10 uM FSK. Right most panel: representative H&E staining image of
ARPKD kidney organoid treated with 10 pM FSK for 7 days (Day 28 to 35). Scale bars, 500
pm.

(D) Immunofluorescence analysis of ARPKD kidney organoids in the absence or presence
of 10 uM FSK for 3 days (Day 28 to 31) followed by /n vitro dextran uptake assays. White
asterisk indicates cyst. Scale bars, 50 pm.

Dextran LT
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(A)Representative bright-field images of ARPKD kidney organoids treated with various
concentrations of Thapsigargin in the absence or presence of 10 uM FSK for 3 days (Day 28

to 31). Scale bars, 500 pm.

(B) Statistical analysis of the effect of Thapsigargin on FSK-induced ARPKD kidney

organoid cystogenesis. Data were presented as mean = SEM (7= 3 independent
experiments). Statistical analysis was performed using one-way ANOVA, * p< 0.05,** p<

0.01, **** p< 0.0001.

(C) Representative bright-field images of ARPKD kidney organoids treated with various
concentrations of CFTRinh172 in the absence or presence of 10 uM FSK for 3 days (Day 28

to 31). Scale bars, 500 um.

(D) Statistical analysis of the effect of CFTRinh172 on FSK-induced ARPKD kidney

organoid cystogenesis. Data were presented as mean + SEM (= 3 independent
experiments). Statistical analysis was performed using one-way ANOVA, **** p< 0.0001.
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