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Summary

Regenerative medicine affords a promising therapeutic strategy for the treatment of patients with
chronic kidney disease. Nephron progenitor cell populations exist only during embryonic kidney
development. Understanding the mechanisms by which these populations arise and differentiate is
integral to the challenge of generating new nephrons for therapeutic purposes. Pluripotent stem
cells (PSCs), comprising embryonic stem cells, and induced pluripotent stem cells (iPSCs) derived
from adults, have the potential to generate functional kidney cells and tissue. Studies in mouse and
human PSCs have identified specific approaches to the addition of growth factors, including Wnt
and fibroblast growth factor, that can induce PSC differentiation into cells with phenotypic
characteristics of nephron progenitor populations with the capacity to form kidney-like structures.
Although significant progress has been made, further studies are necessary to confirm the
production of functional kidney cells and to promote their three-dimensional organization into
bona fide kidney tissue. Human PSCs have been generated from patients with kidney diseases,
including polycystic kidney disease, Alport syndrome, and Wilms tumor, and may be used to
better understand phenotypic consequences of naturally occurring genetic mutations and to
conduct “clinical trials in a dish”. The capability to generate human kidney cells from PSCs has
significant translational applications, including the bioengineering of functional kidney tissue, use
in drug development to test compounds for efficacy and toxicity, and in vitro disease modeling.
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Approximately 2,000,000 people worldwide suffer from end-stage renal disease. Existing
strategies for renal replacement therapy include dialysis and transplantation. Although these
treatment options can prolong survival, both have serious limitations. Dialysis is associated
with significant morbidity, and mortality rates are 6.5 to 7.9 times greater than the general
population. Although dialysis functions to remove waste products and help maintain
electrolyte, acid-base, and fluid balance, it cannot substitute all of the kidneys’ functions.
Kidneys are the most frequently transplanted organs, but demand greatly outweighs supply
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and the waiting period is typically several years. Acute rejection occurs in approximately
15% of transplant cases, and successfully transplanted kidneys require life-long
immunosuppression to reduce the rate of chronic rejection.” For these reasons, kidney
regeneration from human stem cells, ideally patient immunocompatible, is an attractive
solution for renal replacement.

FEATURES OF NEPHROGENIC STEM CELLS

The adult mammalian kidney lacks the capacity to generate entirely new nephrons or to
regenerate segments from resected nephrons. Nephrogenesis ceases before or shortly after
birth in human beings and mice, concomitant with the disappearance of the nephron
progenitor pool.z‘4 Nevertheless, adult kidney epithelial cells are capable of extensive
dedifferentiation, proliferation, and repopulation of damaged tubules after injury.sv6 These
processes make it possible for existing nephrons to recover after acute kidney injury but do
not provide a source for new nephrons. Clinically, the ramifications of this are that human
beings are born with a limited number of nephrons, which can be damaged irreversibly. The
loss of a significant number of nephrons is therefore an event with important long-term
consequences.

Because embryonic kidney cells are the only cells capable of forming new nephrons,
derivation of such cells is likely to be required to create new nephrons for patients with
kidney disease. Understanding nephron development in the embryo therefore is essential to
designing and interpreting experiments that aim to generate new nephrons in the adult.
Mammalian kidney development has been summarized elsewhere in greater detail.>” The
pronephric duct arises from the intermediate mesoderm (IM) of the embryo at approximately
day 22 of gestation in human beings, or day 8 in mice. The duct iteratively invades the
adjacent mesenchyme, giving rise sequentially to the pronephros, mesonephros, and, finally,
the metanephros, which in amniotes will develop into the adult kidney. Formation of the
complete nephron tubule involves reciprocal interactions between two tissues, the ureteric
bud (UB) and the metanephric mesenchyme (M M).8 Molecular analysis over the past 60
years has identified a variety of signaling molecules that specify these tissues (including
Whts, fibroblast growth factors [FGFs], bone morphogenetic proteins [BMPs], glial cell-
derived neurotrophic factor, and hepatocyte growth factor [HGF]), as well as transcription
factors (WTL1, SIX1, SIX2, PAX2, PAX8, and HOXD11) that regulate branching
morphogenesis and maintain the nephron progenitor cell pool.3'7'9 In addition to the tubular
components, the patterned kidney also includes a significant population of vascular and
interstitial cells in a complex three-dimensional (3D) configuration.

Decades of experiments on isolated metanephroi have established a framework for
understanding the characteristics of these cells and their potential for regeneration. When
cultured together ex vivo, UB and MM can undergo branching nephrogenesis. This ability to
self-organize makes it feasible to envision nephron regeneration from these embryonic cell
types. When implanted into living hosts, fetal kidney cells isolated from various mammals,
including human beings, have been reported to form new vascularized nephrons that can
produce urine and prolong survival after nephrectomy.lo‘3 Notably, the ability of meta-
nephric tissue to undergo branching nephrogenesis requires both the UB and the MM; when
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separated from each other, the UB does not branch, and the MM does not survive unless it is
co-cultured with appropriate inducing tissues such as embryonic spinal cord.™ Various
survival and differentiation factors have been identified for metanephric cells, notably BMPs
and F3(51I5:sl,6although long-term cultivation of these cells in vitro remains a challenge for the
field.™™

PLURIPOTENT STEM CELLS

Pluripotent stem cells (PSCs) are cultured populations of early embryonic progenitors,
believed to represent blastocyst or epiblast cell types from which the entire soma is derived.
They are defined by two characteristics: pluripotency, the ability to give rise to diverse and
complex tissues from each of the three embryonic germ layers; and self-renewal, the
capacity to proliferate and expand indefinitely in culture without transformation. Because
adult mammalian kidney cells cannot regenerate new nephrons,5 and fetal kidney cells
undergo apoptosis or differentiate in culture,sl16 PSCs are currently the only long-term
cultivatable cell type capable of neonephrogenesis. The most convincing demonstration of
this has been in cloned mice, in which the entire soma, including the kidneys, can be derived
from cultured PSCs via tetraploid complementation.”’18

PSCs include both embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs).
ESCs are grown in primary culture after derivation from embryos, whereas iPSCs are cells
derived from the adult that transcriptionally have been reprogrammed to an ESC-like state.
iPSCs greatly resemble ESCs, although some differences may exist between the two cell
types.19 Patient-derived iPSCs have dual value as a laboratory resource for studying the
cellular basis of human disease and as a potential source of immunocompatible replacement
tissue.*-% Because they are pluripotent and self-renewing, iPSCs provide a practically
unlimited opportunity to obtain diverse cell types and tissues with naturally occurring human
disease mutations for experimental investigation. This constitutes a great advantage over
many primary cell types in culture, which are difficult to obtain and often senesce or
dedifferentiate rapidly.21 Studies in mice show that somatic cells derived from iPSCs are
immunocompatible with the hosts from which they derive.24 In theory, iPSCs could be used
to generate tissues or organs that would be immunocompatible with the individual from
whom they were derived. These characteristics were considered so significant that the
discovery of iPSCs was co-awarded the Nobel Prize in Medicine in 2012, only 6 years after
its initial publication.25 Although the application of iPSCs to kidney research is still in its
infancy, recent progress has suggested utility for both disease modeling26 and
regenerative27‘31 approaches.

METHODS OF DIFFERENTIATION OF PSCs

By using biochemical treatment regimens, PSCs have been differentiated successfully into
various types of cells and tissues, including hepatic, neural, hematologic, pancreatic, and
cardiac lineages. The various approaches have been reviewed elsewhere.32 When PSCs are
dissociated and deprived of growth factors that sustain pluripotency (FGFs and activin in
human PSCs under standard growth conditions, or leukemia-inhibitory factor in mouse
PSCs), they undergo stochastic differentiation into embryoid bodies (EBs) in vitro or
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teratomas in viv0.21'33 These 3D growths include diverse somatic cell types and tissues
representative of the three embryonic germ layers and can be used as an indicator of
pluripotency of the PSCs. Histologic and immunohistochemical examination of these
stochastic growths suggests the possibility that PSCs can differentiate stochastically into
kidney cells and tissues,%'34 although the markers and structures observed in these studies
also may be observed in cells from other somatic lineages.

Directed differentiation approaches involve the sequential application of chemicals or
growth factors to PSCs to reproducibly obtain differentiated descendants, ideally in high
yield and of significant purity (Fig. 1). The majority of existing protocols use embryonic
development as a roadmap for differentiation, subdividing organogenesis into a series of
discrete stages. When known, developmental growth factor signals or inhibitors are used to
manipulate cells from one stage to the next, and the progress of differentiation is tracked by
monitoring the expression of markers that are characteristic of each stage of differentiation.
Unbiased, large-scale chemical screens also have identified novel potent factors that can be
used to substitute or complement the use of exogenous growth factors.21 Directed
differentiation is more reproducible and efficient than stochastic differentiation and is
preferable both for molecular investigations as well as for therapeutic applications.
Ultimately, successful directed differentiation must be tested and optimized empirically
using an assay readout that has been proven to characterize the cell type of interest reliably.
Technically, directed differentiation approaches can be applied to two-dimensional
monolayers or to 3D embryoid bodies. Monolayer approaches offer an increased measure of
reproducibility and control, whereas EB approaches are ideal for long-term cultures and the
formation of complex 3D tissues.35

DIFFERENTIATION OF MOUSE ESCs INTO CELLS OF KIDNEY LINEAGE

The earliest studies to generate cells of the kidney lineage were performed using mouse
ESCs (mESCs) (Table 1). EBs formed from mESCs, differentiated in the presence of serum,
expressed multiple kidney developmental genes, including Pax2, WT1, Lhxl, Emx2, c-ret,
and Sa///.% In vivo transplantation of the cells from these EBs into the mouse
retroperitoneum yielded teratoma-like growths containing structures co-expressing DBA and
Paxz.36 The ability of undifferentiated mESCs to respond to developmental signals also was
tested by microinjecting them into E12 to E13 mouse metanephric kidney cultures, where
they were observed to integrate into tubular-like epithelial structures, some of which bound
Lotus tetragonolobus lectin (LTL) and expressed Na*/K*-adenosine triphosphatase.37
Subsequent studies relied less on stochastic differentiation and focused on the use of
developmental growth factors to more specifically direct kidney lineage specification.
Relatively little is known about the precise signals required to differentiate PSCs into the
earliest stages of kidney lineage. Retinoic acid (RA) and activin were selected on the basis
of their ability to expand the pronephric field in developmental studies in Xenopu5,38 and
BMP signals were selected for their mesoderm-inducing properties in ESCs.39v40 In one of
the first reports to test combinations of these factors to induce kidney differentiation, mouse
EBs treated with RA, activin, and BMP7 expressed the IM markers Pax2, WT1, and Lhx/
and formed tubular structures in vitro.*> When micro-injected into E12.5 mouse embryonic
kidney cultures, cells from these growth factor-treated EBs integrated into laminin-bound,
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LTL™* tubular structures, although the investigators noted that cells from untreated control
EBs also were capable of tubular integration to a lesser extent.* Most subsequent studies
have tested combinations of one or more of these growth factors, with varying degrees of

28 31 42_48 . ; .
success.” Small-molecule chemicals, which frequently have the advantage of being
more potent and stable compounds, also have been used to complement or substitute peptide
growth factors in more recent efforts at directed differentiation. %314

Two studies have tested conditioned medium from embryonic kidney cells as a supplement
to growth factor treatment, with the rationale that this media could contain the correct factors
necessary to properly induce kidney differentiation. In one study, mesoderm differentiation
was induced with activin and RA, then switched to conditioned media collected from UB
cells. After an additional 10 days of differentiation, WT1, PAX2, POD-1, and E-cadherin
expression was documented by immunocytochemistry, although the efficiency of marker
expression was low.* Similarly, treatment of mESCs with activin, BMP4, LiCl (to activate
Wht signaling), and RA, followed by conditioned media harvested from UB and MM cell
lines, resulted in an up-regulation of MM and UB markers, respectively.47 As an alternative
to growth factor or chemical treatment of mESCs, other groups have tried to promote kidney
differentiation in mESCs by the overexpression of kidney developmental genes in EBs. EBs
formed from Whi4-transformed mESCs expressed aquaporin-2 in the presence of HGF and
activin and could give rise to tubular-like structures in 3D culture.*? Overexpression of Pax2
in EBs resulted in the up-regulation of /ntegrin a8and aquaporin-1, although this analysis
was limited to messenger RNA expression by semiquantitative reverse-transcription
polymerase chain reaction and immunostaining only for aquaporin-1 (AQPl).50

Recently, Taguchi et al® used a developmental strategy by identifying and isolating putative
precursor populations in early stages of mouse embryogenesis that could give rise to
nephron progenitor cells of the metanephric mesenchyme. By using lineage-tracing
methods, the investigators showed that metanephric mesenchyme precursors could be traced
back to OSR1* posterior IM at E9.5 and T (Brachyury)* posterior mesoderm at E8.5.
Importantly, they showed that the MM and UB originate from posterior and anterior regions
of the nascent mesoderm, respectively, and that this separation of fate is determined early in
the postgastrulation stage. By first identifying sequences of growth factor and small-
molecule combinations needed to induce MM differentiation from T* posterior mesoderm,
the investigators then were able to establish multistep protocols to differentiate both mESCs
and hiPSCs into EBs that immunostained positive for multiple markers of MM, including
PAX2, SIX2, SALL1, and WT1. Despite the well-established differences between the
biology and differentiation kinetics of mouse and human PSCs,Sl‘54 protocols were similar
and fairly reproducible for both mouse and human PSCs, with the human iPSC (hiPSC)
protocol requiring 14 days compared with 8.5 days for mESCs. When the EBs containing
nephron progenitors were co-cultured with mouse embryonic spinal cord, a well-established
inducer of kidney tubulogenesis, there was formation of 3D tubular structures with marker
expression characteristic of renal tubules and glomeruli.31
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DIFFERENTIATION OF HUMAN ESCs AND IPSCs INTO CELLS OF THE
KIDNEY LINEAGE

Compared with studies using mESCs, only recently have there been a number of reports on
the directed differentiation of human ESCs (hESCs) into kidney cells (Table 2). Translation
of mESC differentiation protocols for use with hPSCs frequently has required modification
owing in part to fundamental differences between the blastocyst-like, leukemia-inhibitory
factor maintained “ground state” of naive pluripotency typical of mESCs, and the epiblast-
like, FGF/activin-maintained “primed state” of pluripotency typical of hPSCs,Sl‘54 as well
as differences in culture media and growth factors required for maintenance. Since the
discovery of hiPSCs,ZO which has facilitated and promoted more widespread study of hPSCs
worldwide, directed differentiation using hESC and hiPSC systems has taken precedence
over work with mPSCs. Protocols established using hESCs and hiPSCs derived from healthy
individuals have potential clinical application, and readily can be applied to disease-specific
hiPSC lines for the purposes of disease modeling in human cells. One of the first reports
describing the successful derivation of hESCs from human embryos noted structures in
teratomas that appeared to resemble fetal glomeruli.33 In an effort to document the effects of
eight different growth factors on the differentiation of hESCs, treatment with factors such as
HGF, nerve growth factor, and activin could induce the expression of W71 and RENIN,
providing an early description of the expression of kidney markers in differentiating
hESCs.” By using both EB and monolayer culture methods, growth factor combinations of
RA, activin, and BMP7 were tested in the presence of 10% fetal bovine serum and induced
an up-regulation of messenger RNA levels of kidney developmental markers, including
PAX2, WT1, OSR1, EYAL, LHX1, and CD24over 8 days of differentiation.” Small
clusters of cells staining positive for PAX2 and vimentin also were observed with monolayer
culture, although efficiencies were not reported and co-staining with other pertinent markers
of nephron precursor populations was not performed. Rather than using a growth factor
approach, Lin et aI34 differentiated hESCs in media supplemented with a reduced
concentration of fetal bovine serum over 14 days, then used cell sorting to fractionate
populations of cells on the basis of expression of three different markers: CD24, a cell
surface marker of mouse MM; podocalyxin, a cell surface marker of MM as well as IM; and
GCTM2, a marker of pluripotency. The fraction of CD24*podocalyx-infGCTM2~ cells was
found to have higher levels of PAX2, LHX1, and WT1 transcripts relative to unfractionated
cells, and contained a subpopulation of PAX2*WT1* cells when assayed by
immunocytochemistry.

Efforts also have been made to differentiate hESCs and hiPSCs directly into more mature
kidney epithelial cells, bypassing detailed characterization of a distinct nephron precursor
intermediate. One such study reported differentiation of hiPSCs into what the researchers
concluded were kidney podocytes.57 By using a combination of EB and monolayer
differentiation methods, hiPSCs were treated with RA, activin, and BMP7 for a total of 10
days, resulting in the emergence of cells with cytoplasmic projections somewhat reminiscent
of foot processes. These cells expressed podocyte markers such as podocin and
synaptopodin but also were positive for PAX2 and proliferated in culture, suggesting that
they might represent immature rather than terminally differentiated podocytes. The

Semin Nephrol. Author manuscript; available in PMC 2016 June 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lam et al.

Page 7

investigators also showed some evidence of integration of the iPSC-derived podocyte-like
cells into WT1* glomerular structures of dissociated-reaggregated E13.5 mouse embryonic
kidney explant cultures. A weakness of this study was that it is very difficult to confirm
podocyte identity in vitro because of the absence of glomerular organization and the highly
differentiated foot processes typical of these cells in vivo.58

In another study, AQP1* proximal tubular-like cells were generated with 38% efficiency by
differentiating hESCs on Matrigel (BD Bioscience, San Jose, CA) in Renal Epithelial Cell
Growth Media (REGM; Lonza) supplemented with BMP2 and BMP7.% These cells showed
similar gene expression profiles to human primary proximal tubular cells, although some
differences in protein expression also were noted. Functional analyses showed that, similar
to proximal tubular cells, AQP1* cells increased cyclic adenosine monophosphate
production in response to parathyroid hormone stimulation, displayed GGT activity, and
produced ammonia. Integration of the AQP1* cells into tubular compartments of mouse
newborn kidneys ex vivo also was shown, and the cells formed cord-like structures when
cultured on Matrigel in vitro or implanted in Matrigel into immunodeficient animals.
Although the characterization for these cells was more detailed than in the podocyte study,
there remains some concern whether the markers and cellular properties shown are sufficient
to conclude that the AQP1* population represents renal tubular epithelial cells.

Recently, there has been a surge of reports focusing on the generation of human nephron
progenitor cells,27‘31 including cells of the IM and MM, from which nearly all the epithelial
cells of the nephron are derived.sov61 Mae et al28 showed induction of an OSR1* IM
population using a stepwise combination of the GSK-3p inhibitor CHIR99021, activin, and
BMP7 signaling in engineered OSRI-GFPhiPSC lines. OSR1-GFP™ cells could give rise to
cells expressing markers of mature kidneys, adrenal glands, and gonads in vitro and
incorporate with low efficiency into dissociated-reaggregated E1 1.5 mouse metanephric
kidneys. Although the investigators reported efficiencies of greater than 90% of OSR1-GFP*
cells after 11 to 18 days of differentiation, the proportion of OSR1* cells that co-expressed
other important IIM markers such as PAX2 or WT1 was comparatively low. It should be
noted that OSR1 is expressed in both the lateral plate and IM during early mesoderm
speciﬁcation,62 and therefore OSR1 expression alone cannot be used to label a population as
being IM. In a follow-up study the same group of investigators reduced the duration of the
original protocol to 6 days by substituting activin and BMP7 with either of two RA-receptor
agonists, AM580 or TTNPB, which were identified in a high-throughput small-molecule
screen for inducers of OSR1-GFP+ cells.®

Our laboratory recently established a protocol to rapidly and robustly differentiate hPSCs
into IM cells (Fig. 2).27 Mesendoderm differentiation could be achieved with nearly 100%
efficiency by treating hESCs or hiPSCs with CHIR99021, establishing a robust platform for
the screening of compounds that could promote IM differentiation. CHIR99021 alone was
insufficient to induce IM differentiation, as assayed by PAX2 expression, and prolonged
treatment with CHIR99021 promoted differentiation into cells expressing FOXF1*, a marker
of lateral plate mesoderm. The addition of high-dose activin after CHIR99021 treatment
diverted differentiation away from lateral plate mesoderm into SOX17*FOXA2* definitive
endoderm, showing that the precisely timed addition of signaling factors could modulate cell
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fate within this system. Screening for IM differentiating factors showed FGF2 to be a potent
inducer of PAX2 expression, but only in cells that had been pretreated with CHIR99021.
Treatment of either hESCs or hiPSCs with CHIR99021 followed by the addition of both
FGF2 and RA generated PAX2+LHX1+ with 70% to 80% efficiency within only 3 days of
differentiation. Extended culture of these PAX2TLHX1* cells after withdrawal of FGF2 and
RA resulted in the formation of tubular-like structures that expressed the mature proximal
tubular markers LTL, kidney-specific protein, and N-cadherin. These tubular structures were
polarized and possessed apical cilia expressing polycystin-2 (PC2). Furthermore, we showed
that a combination of FGF9 and activin could differentiate PAX2*LHX1* cells into cells co-
expressing multiple markers of MM, including S1X2, SALL1, and WT1. Stimulation of
SIX2+ cells with CHIR99021 induced a morphologic change similar to tubulogenesis in the
developing mouse kidney with down-regulation of SIX2 and up-regulation of the proximal
tubular marker LTL. Incorporation of the SIX2* cells into dissociated-reaggregated E12.5
mouse kidneys yielded structures expressing LTL and laminin.

The study by Takasato et aI30 supported the role of Wnt and FGF signaling in the induction
of IM and MM cell populations from hPSCs. The combination of CHIR99021 (or activin
and BMP4), followed by high-dose FGF9, generated PAX2*LHX1" cells and SIX2+ cells
after 6 days and after 10 to 18 days of treatment, respectively. The investigators showed that
the treated hESCs could contribute in part to mouse tubular structures when recombined
with dissociated-reaggregated mouse embryonic Kidneys. In addition, hESC-derived kidney
progenitors could self-aggregate to form 3D structures resembling kidney tubules that
expressed markers such as WT1, PAX2, E-cadherin, JAG1, AQP1, AQP2, and SLC3A1.
Each of the earlier-described studies differed somewhat in the details and timing of growth
factor addition to hPSCs, however, a common theme appears to be that CHIR99021
promotes mesoderm differentiation, which can be specified further into IM via FGF
signaling.

Although most attention has been given to producing progenitor cells of the MM, a recent
study by Xia et aI29 focused instead on the derivation of progenitor cells of the UB. The step
wise treatment of hESCs and hiPSCs with BMP4 and FGF2 followed by RA, activin, and
BMP2 resulted in IM-like cells expressing PAX2, OSR1, WT1, and LHX1 after 4 days of
differentiation. These cells up-regulated UB markers HOXB7, RET, and GFRA1 after an
additional 2 days of differentiation, leading the investigators to label them as putative UB
progenitor-like cells. Co-culture with dissociated-reaggregated E1 1.5 mouse embryonic
kidneys showed some integration of these UB progenitor-like cells into mouse ureteric bud
tips and trunks, whereas undifferentiated hESCs or hiPSCs tended to overgrow the cultures
and disrupt growth of the mouse metanephroi. As discussed later, the interpretation of this
assay remains unclear, particularly when it is taken into consideration that some of the
differentiated cells appeared in independent clusters that clearly were negative for UB and
MM markers expressed in the neighboring mouse cells.

MODELING KIDNEY DISEASE USING hiPSCs

hiPSCs derived from patients present a valuable resource for studying pathophysiological
mechanisms of disease and developing potential therapeutics. Importantly, hiPSCs are
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human cells and carry naturally occurring human mutations. Therefore, they are an
important complement to mouse models, which may not fully recapitulate human genotypes
and phenotypes. For example, human beings with autosomal-dominant polycystic kidney
disease are germline heterozygotes, whereas mouse models often are germline homozygotes,
because germline heterozygote mice develop only mild cystic disease.64 Generation of a
mouse model requires construction of recombinatory templates introducing mutations into
the genome of wild-type mESCs, followed by screening, selection, blastocyst injection,
crossing, genotyping, and back-crossing the progeny. This is a laborious and low-throughput
process and therefore it is difficult to create mouse models for the vast majority of disease-
causative alleles in human beings,65 of which there may be hundreds for any given gene.
Furthermore, the contribution of the complex genomic background to human disease
phenotypes would be exceedingly difficult to study in a mouse. In contrast, hiPSCs preserve
the naturally occurring genetic mutations and genetic background of their parental somatic
cells. With the proper technical training, hiPSCs can be generated in the laboratory in
approximately 6 weeks. Multiple hiPSC lines can be created simultaneously, and indeed this
is often the most convenient and best-controlled process for studying a set of lines from
different patients. Since the establishment of techniques to create iPSCs in 2006,66 hiPSCs
have been generated that represent more than 50 diseases and hundreds of patients. In a
number of cases disease phenotypes have been identified in these cells.21

hiPSCs also have significant advantages compared with human cells isolated from the
kidney and placed into primary culture or immortalized and placed into continuous culture.
Many primary cell cultures, including cultures of renal tubular and glomerular epithelia,
represent mixed populations that tend to senesce or dedifferentiate rapidly in culture and
may express markers of myofibroblasts.Sg'67 In contrast, undifferentiated hiPSCs can self-
renew indefinitely and are a relatively stable and homogenous cell type in culture. Somatic
cells for hiPSC reprogramming can be derived from noninvasive samples, such as skin, hair,
blood, or urine,es'69 and once obtained do not need to be rederived because of their inherent
capacity for self-renewal. hiPSCs created and cryopreserved in one laboratory therefore can
be studied by any other laboratory for the reproduction of phenotypes with minimal concern
for passage number effects.

Compared with immortalized cell lines, hiPSCs have the advantage that they are considered
to be a nontransformed cell type, similar to hESCs, which are derived directly from
dissociated embryos. In addition, many immortalized kidney cell types for the kidney are
from nonhuman species or of uncertain tissue origin, for example, Madin-Darby Canine
Kidney cells and Human Embryonic Kidney 293 cells. In contrast, hiPSCs are a distinct cell
type in culture with well-established cell type markers, gene expression patterns,
morphology, and cell-cycle properties. hiPSCs from different individuals allow for
comparisons between cells derived from different patients and with hESCs. Although kidney
regeneration is certainly one important long-term goal, the use of hiPSCs to model disease
pathophysiology at the cellular level is a more immediate application that already
successfully has been shown for a wide variety of nonkidney organs and cell types.21
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PATIENT-DERIVED hPSC METHODOLOGIES FOR THE STUDY OF KIDNEY

DISEASE

Patient-specific hPSC methodologies have been applied to the study of kidney disease (Table
3). Genetically characterized hiPSCs or hESCs have been derived from patients with
autosomal-dominant polycystic kidney disease (ADPKD) and autosomal-recessive PKD,
Alport syndrome, systemic lupus erythematosus, and Wilms tumor.%'m‘73 Although
successful derivation of hPSCs from patients with kidney disease is relatively
straightforward at this time, a much greater challenge is to use these cells successfully to
study disease processes and derive potential treatments of human disease. Innovation of
human in vitro laboratory models is particularly urgent because, as a result of species-
specific differences, existing rodent models do not recapitulate many aspects of human
kidney disease accurately.

In only one of the aforementioned reports of hPSCs representing various kidney diseases
was a disease phenotype described: we have shown that reduced levels of PC2 at the primary
cilium consistently was observed in cells from multiple patients with ADPKD.? This study
built on the observation that undifferentiated hESCs are epithelial cells that possess primary
cilia,74 which are antenna-like sensory organelles central to PKD etiologies. hiPSCs from
patients with ADPKD and autosomal-recessive PKD, as well as healthy controls, were
shown to endogenously express PKD disease genes.26 No defects were observed in the
ability of PKD hiPSCs to form cilia, but ADPKD iPSCs showed reduced ciliary PC2 levels,
as assayed by quantitative immunofluorescence (Fig. 3). To extend this observation to
somatic lineages, hiPSCs were either stochastically differentiated into EB epithelial cells, or
alternatively directed to differentiate into hepatoblasts, the bipotential progenitor of
hepatocytes and cholangiocytes, which give rise to liver cysts and fibrosis in PKD patients.
These somatic cell types also showed reduced ciliary PC2 levels. The genetic mutations in
all three ADPKD hiPSC lines were found to be in PKD1, suggesting that polycystin-1 (PC1)
plays an important role in trafficking PC2 to the cilium. Transient overexpression of wild-
type PC1 in ADPKD hiPSC-derived hepatoblasts or IMCD3 cells increased ciliary PC2
levels, suggesting a possible therapeutic approach. Notably, reduced ciliary PC2 also has
been observed in primary cells from patients and mouse models with heterozygous PKD1
mutations.75'76 However, because such cells were derived from kidneys with advanced
disease, it was not clear in those studies whether the observed loss of PC2 was a primary
defect or a secondary consequence of disease. Furthermore, a previous study had argued that
PC2 traffics to the cilium independent of pc1.”” Demonstration of reduced ciliary PC2 in
hiPSCs derived from fibroblasts, a cell type not known to be affected in PKD patients,
suggested that PC1 at least enhances PC2 ciliary trafficking, and that primary defects in this
process may occur in cells that appear otherwise normal. This study provides proof of
principle for the application of hiPSCs to the study of kidney disease pathophysiology and
for identifying possible therapeutic approaches.78 Notably, many of the kidney-directed
differentiation protocols described earlier were not yet developed when this work was
performed.
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An important current goal is to model disease pathophysiology and therapy in hiPSC-
derived cells of the kidney lineage, even as directed differentiation techniques continue to
improve. As described previously, recently published directed differentiation protocols have
been shown using both hESCs and hiPSCs, and human-mouse chimeric UB structures could
be replicated using hiPSCs derived from patients with ADPKD. A caveat to such
experiments is that hiPSC lines reprogrammed from different patients, tissues, or even from
a single batch of primary cells may differ considerably in their propensity to differentiate
into different Iineamges.wv80 It therefore is important that phenotypes be shown reproducibly
in multiple patients, and if possible that rescue experiments be performed to show their
speciﬁcity.21 Experiments comparing hiPSCs reprogrammed from urine cells, kidney
epithelial cells, or mesangial ceII568'81~82 also should take into account the possibility of
injury or secondary mutations in the genitourinary systems of patients with disease, which
could affect iPSC function. Recently developed genome editing tools, including
transcription activator-like effector nucleases and the Cas9/clustered regularly interspersed
short palindromic repeats system, can be applied to hPSCs to introduce or correct genetic
mutations for analysis of cellular phenotypes on an isogenic genetic background, and may
provide a useful complement to hiPSCs with naturally occurring genetic mutations.gg’v84

FUTURE DIRECTIONS

Although the field has made significant advances in the past few years toward the generation
of functional kidney cells and tissue from PSCs, much work remains to be performed before
these efforts can be translated to useful tools for the care of patients with acute and chronic
kidney disease and the screening of potential therapeutic agents for efficacy or toxicity.
Progress has been made in differentiating hPSCs into populations with properties
characteristic of kidney progenitor cells. Now these results must be expanded to maximize
the efficiency of these protocols, identify ways to maintain the survival and phenotype of
these progenitor cells in extended culture, and establish new protocols for generating
terminally differentiated, functional renal epithelial cells. Whenever possible, specific cell
surface markers for differentiated cell populations should be identified because this would
facilitate their isolation and purification for analysis and downstream application. The
efficient generation and purification of hiPSC-derived proximal tubular cells, for example,
would be instrumental for bioengineering 3D proximal tubules, high-throughput drug
toxicity screening, seeding onto renal assist devices for the treatment of acute and chronic
kidney injury, and in vitro disease modeling with patient-specific cell lines.

As we continue to move forward, it also will be increasingly important to establish criteria
for the validation of putative hPSC-derived nephron progenitor cells and renal epithelial
cells (Table 4), just as criteria have been proposed for the validation of hiPSC lines. It is
important that protocols be reproducible in multiple hESC and hiPSC lines. If methods are
to be applied to the large-scale production of kidney cell types or to disease modeling in
multiple patient cell lines, we cannot afford to use protocols that work in only select cell
lines. The well-established variability between individual hESC or hiPSC lines must be
taken into account, and adjustments to culture conditions to account for these differences, if
needed, should be presented. Second, characterization of putative kidney cell populations
must show marker expression that is robust and consistent. Gene expression profiling (by
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means of reverse-transcription polymerase chain reaction or global gene expression
analysis), although integral to the characterization process, must be interpreted cautiously,
especially because differentiation protocols often result in heterogeneous populations of
cells that can confound the data by reducing the signal-to-noise ratio. Marker analysis
should include clear protein expression in differentiated cells by immunocytochemistry,
immunoblot, and/or flow cytometry, and quantification of differentiation efficiencies based
on protein expression, subcellular localization, and co-localization should be standard. These
should be compared with protein expression profiles of endogenous primary cells isolated
from adult and embryonic kidneys as positive controls. Because several markers of kidney
development are expressed in other non-kidney tissues (eg, PAX2, LHX1, WT1, and SIX2)
and in undifferentiated PSCs (E-cadherin, podocalyxin), showing the absence of non—
kidney-specific markers is equally important as the presence of kidney markers. Just because
a marker has been observed in a developing or adult kidney does not qualify it as kidney-
specific. PSCs are capable of turning into any cell in the body and naturally differentiate into
heterogenous populations; therefore, the burden of proof for kidney derivation is much
higher than for primary cells isolated from specific areas of the embryo. For markers to be
considered kidney-specific, it is necessary to show that they are expressed only in the kidney
and nowhere else.

Ultimately, marker expression must be complemented by stringent functional analysis of the
putative kidney cell populations. The establishment of reliable functional assays continues to
be a challenge, and the interpretation of currently used assays is controversial. Integration of
putative stem cell-derived kidney cells into developing mouse kidneys was proposed as a
functional assay by Davies et al™ and continues to be the most widely used test for showing
functional capacity. However, it remains unclear as to whether this assay truly tests
functional capacity because incorporation of a cell type from one organism into the structure
of another has never been the intrinsic property of a cell type. Furthermore, how one defines
Integration or incorporation is also subject to interpretation. Is the presence of a single
human cell in a mouse tubule sufficient evidence of incorporation or merely an accident?
Several human cell lines fail to integrate substantially into mesenchymal or epithelial
progenitor populations in this assay,86 and it has been reported that undifferentiated hPSCs
grow rapidly and disrupt metanephric growth.29 However, incorporation and possibly even
transdifferentiation of undifferentiated PSCs and also mesenchymal stromal cells into mouse
metanephroi in organ culture also have been reported,37'87 therefore presentation of
integration data in the presence of convincing negative controls (both undifferentiated and
differentiated) will be necessary. Another approach is to test kidney cells in vitro for
biochemical characteristics typical of primary cells. For instance, hPSC-derived AQP1-
expressing cells responded to parathyroid hormone stimulation by upregulating cyclic
adenosine monophosphate, similar to primary proximal tubular ceIIs.59 It remains unclear,
however, whether there is a defined set of properties unique to kidney cells in this regard. In
none of the published work on kidney differentiation from PSCs is there a conclusive
demonstration of a branching network of human nephrons or even a single, continuous,
segmented nephron consisting of a vascularized glomerulus connecting to a proximal tubule
and collecting duct, as might be expected to emerge from metanephric cells. Such a
demonstration would provide stronger evidence of nephrogenesis than isolated images of
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cells expressing different markers found in kidneys. In the absence of such evidence, reports
of “mini-kidney” (Source: http://www.salk.edu/news/pressrelease_details.php?
press_id=648) and “functional kidney” (Source: https://www.fightaging.org/archives/
2013/12/generating-functional-kidney-tissue-from-stem-cells.php) generation seem
somewhat premature. A conclusive functional demonstration of kidney lineage
differentiation also would include physiological metrics, such as urine production or
prolongation of life by stem cell administration after injury.

The nephron is by nature a complex 3D structure, and any effort to reproduce this
architecture using hPSCs likely will require differentiation within a 3D environment. This
partly has been addressed by recent studies, including those from our own laboratory, that
have taken advantage of co-culture methods involving the recombination of hPSC-derived
kidney cells with dissociated-reaggregated mouse embryonic Kidneys into 3D pellets.
Although it would appear that the mouse embryonic kidney provides a proper niche and
signaling factors for further differentiation and incorporation of these differentiated hPSCs
into mouse tubular or glomerular structures, a hybrid mouse-human kidney would provoke
an extreme immune rejection and preclude clinical application. One creative approach is to
use blastocyst complementation to grow xenaobiotic organs from one species in another. This
approach recently was used to generate a rat pancreas in a mouse.88 However, interspecific
efficiencies were extremely low, and the strategy did not work when attempted for the
kidney.89 Interestingly, recent findings have suggested that hPSC-derived nephron
progenitors are capable of forming 3D structures on their own in the absence of mouse
tissue.2"-* Because such methods could in theory harness the multipotency of nephron
progenitor cells to produce the entire complement of renal epithelial cells and their
associated structures, it may be unnecessary to define the signals required to generate each
individual epithelial cell type. However, the disadvantage lies in the present inability to
control which nephron structures will be formed, and there is no guarantee that separately
formed tubular structures will find a way to join to form a full-length nephron. Furthermore,
a means of incorporating a blood supply, critical to forming functioning glomeruli and
supporting the tubular system, has not yet been established, although there are data to
suggest that grafting embryonic kidney rudiments onto a vascular source, such as the chick
chorioallantoic membrane, possibly could provide a source of blood vessels to the kidney
tissue.90 An alternative approach is to use bioengineered 3D microenvironments in which
differentiated hPSCs could be encapsulated. Given the importance of mechanical and
biophysical cues provided by the surrounding cellular environment to stem cell
di1‘ferentiation,91‘95 crafting a 3D niche based on the extracellular matrix composition and
properties of the developing or adult kidney could promote the formation of 3D kidney
structures from hPSCs. Efforts should be taken to define the biophysical properties of both
the developing and adult mouse and human kidneys more comprehensively to provide a
more accurate framework for mimicking this environment in vitro. High-throughput
bioprinting technologies also could be used to screen for particular combinations of
extracellular matrix proteins embedded in hydrogels that induce 3D kidney structure
formation.

For clinical applications, safety and efficacy considerations will be prerequisite.
Undifferentiated hiPSCs are, by their nature, tumorigenic, and therefore must be eliminated
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before transplantation, either passively (owing to complete and irreversible differentiation)
or actively (by pretreatment with compounds that are selectively toxic to undifferentiated
hPSCs, such as oleate synthesis inhibitors%). Because nephron progenitor-like cells have
been observed in some renal tumors, the safety of this population also must be shown in
preclinical transplant models. The precise route of such administration also will require
optimization. How cells might trespass the glomerular filtration barrier from either the
bloodstream or from within the nephron is not clear. Human nephrogenic stem cells have
been injected successfully into kidneys, but because such an invasive approach would be
likely to cause significant damage to the existing tissue, more work is required to show that
it would provide benefit to patients.12 To satisfy the requirement for clinical efficacy,
nephron progenitor cells must be shown to be functionally equivalent or superior to the
existing gold standard of transplanted kidneys from allogeneic hosts. These obviously are
major challenges that will require time, effort, and resources to surmount. The reward will
be improved survival, outcomes, and quality of life for patients with devastating renal
diseases.
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Figurel.

Directed differentiation of hPSCs into cells of the kidney lineage. Stepwise differentiation of
hPSCs into embryonic and adult kidney cell types. Growth factors that have been shown to
induce differentiation toward specific stages and markers characteristic of each stage of are
shown.
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Figure2.
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Schematic diagram of protocol to generate nephron progenitor cell populations from hPSCs.
Directed differentiation of hPSCs into nephron progenitor cells is divided into three discrete
stages, with growth factors, culture media, and duration of treatment shown for each stage.
Markers characteristic of each stage of differentiation also are listed.
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AcT

DNA/PC2/AcT

ESC

ADPKD
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Figure 3.
Use of kidney disease iPSCs to investigate molecular pathophysiology. (A) Phase-contrast

micrograph showing a colony of undifferentiated iPSCs derived from a patient with
ADPKD. Scale bar, 50 um. (B) Immunolocalization of PC2 and acetylated a-tubulin (AcT)
in undifferentiated hPSCs. PC2 localizes to cilia in wild-type ESCs (arrow), but is absent
from cilia in ADPKD iPSCs. Scale bar, 10 pm.
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Table 4

Proposed Criteria for the Validation of hPSC-Derived Kidney Cells

Page 29

Assay

Comments

References

Phenotypic characterization
Expression of embryonic
and/or
adult kidney markers

Kidney epithelial structures

Functional analysis Biochemical assays of
In vitro epithelial
cell function

Integration into
embryonic kidney
explant cultures

In vivo Formation of
glomeruli

and nephron
structures

Urine production
Functional rescue

after kidney
injury

Specificity of antibodies and
probes should be shown using
positive and negative controls

Co-localization of multiple markers

within the same cells and in
neighboring segments should
be shown

Quantification of kidney marker
expression and absence of
expression of nonkidney
markers should be performed

Gene and protein expression
levels should be interpreted
cautiously in heterogeneous
differentiated cell populations

Marker expression should be
consistent with a specific cell
identity

Insufficient without accompanying

marker analysis because PSCs
are epithelial cells and are
capable of differentiating into
diverse epithelia

Ultrastructural analysis (presence
of brush border) could provide
more supportive evidence of
kidney phenotype

Evidence of hollow lumens
surrounded by polarized
epithelia should be presented

Epithelial functions should be
compared with primary kidney
cells as positive controls and
nonkidney epithelial cells as
negative controls

Results should be compared with
stochastically differentiated
PSCs as negative controls and
primary fetal kidney cells as
positive controls

Should be accompanied by
marker analysis, ideally showing
nephron segments in serial
sections

Requires PSC-derived kidney
tissue to be vascularized

Requires strategy to deliver cells
to the kidney effectively

27 29 30 31 34 37 41 42 43 44 45 46 47 48 49 50 56 57 59 63

27 30 31 36 42 48 59 63

59

27 28 29 30 37 41 44 48 57 59 63
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Not shown

Not shown
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