Libertas Academica

Modeling Kidney Disease with iPS Cells ﬂ

Benjamin S. Freedman’

Division of Nephrology, Kidney Research Institute, and Institute for Stem Cell and Regenerative Medicine, Department of Medicine,
University of Washington School of Medicine, Seattle, WA, USA.

Supplementary Issue: Stem Cell Biology

ABSTRACT: Induced pluripotent stem cells (iPSCs) are somatic cells that have been transcriptionally reprogrammed to an embryonic stem cell (ESC)-
like state. iPSCs are a renewable source of diverse somatic cell types and tissues matching the original patient, including nephron-like kidney organoids.
iPSCs have been derived representing several kidney disorders, such as ADPKD, ARPKD, Alport syndrome, and lupus nephritis, with the goals of gen-
erating replacement tissue and ‘disease in a dish’ laboratory models. Cellular defects in iPSCs and derived kidney organoids provide functional, personal-
ized biomarkers, which can be correlated with genetic and clinical information. In proof of principle, disease-specific phenotypes have been described
in iPSCs and ESCs with mutations linked to polycystic kidney disease or focal segmental glomerulosclerosis. In addition, these cells can be used to
model nephrotoxic chemical injury. Recent advances in directed differentiation and CRISPR genome editing enable more specific iPSC models and
present new possibilities for diagnostics, disease modeling, therapeutic screens, and tissue regeneration using human cells. This review outlines growth
opportunities and design strategies for this rapidly expanding and evolving field.
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I. Fundamental Concepts

1. Introduction. Induced pluripotent stem cells (i(PSCs)
are somatic cells that have been transcriptionally reprogrammed
to an embryonic stem cell (ESC)-like state. Similar to ESCs,
iPSCs have the potential to be used to bioengineer immuno-
compatible tissue or to model patient-specific disease in the lab-
oratory. The kidney is the most commonly transplanted human
organ. Many different disorders can lead to chronic kidney dis-
ease (CKD), each with specific pathophysiologies. For the vast
majority of kidney diseases, there are no specific human dis-
ease models available, and no specific treatments or biomarkers.
Human iPSCs from patients with kidney diseases represent a
new model system in which to investigate pathophysiology and
develop more effective therapeutics. Here, we review the poten-
tial of iPSCs for modeling kidney diseases based on the primary
literature. Strategies for making effective comparisons between
patient iPSCs are discussed. Although the focus is on the kid-
ney, many of the principles are relevant to other organs.

2. Human pluripotent stem cells can differentiate into
all somatic cell types. The term ‘human pluripotent stem cells

(hPSCs)’ has been applied historically to a variety of different
cell types, with distinct origins and properties. For the purposes
of this review, hPSCs will be defined as the cultured equiva-
lents of the specific cell population within the blastocyst-stage
embryo that gives rise to the entire body. hPSCs are both pluri-
potent, meaning they can differentiate into any type of somatic
cell in the body, and self-renewing, meaning they are capable of
extensive replication without senescence or differentiation. This
combination of pluripotency and self-renewal distinguishes
hPSCs from other types of cultured cells, and makes them a
powerful tool for regenerative medicine and human disease
modeling.! hPSCs include ESCs, which are primary cultures of
human blastocyst-stage embryos, and iPSCs, which are somatic
cells ‘reprogrammed’ to an ESC-like state.’? These two cell
types are highly similar, to the point that genome-wide gene
expression analysis cannot easily distinguish between them.?
The invention of iPSCs by Kazutoshi Takahashi and
Shinya Yamanaka, who first described the technique in 2006,
marks a significant advance for research involving hPSCs.* To
produce iPSCs, a combination of master transcription factors
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typically expressed in ESCs (such as OC7%, SOX2, KLF4,
and -MYC) are transiently expressed in somatic cells, induc-
ing the expression of additional ESC-related genes. Over a
period of weeks in ESC culture conditions, a small minority
of somatic cells is transcriptionally reprogrammed into iPSCs,
which are very similar to ESCs (Fig. 1).2°~7 Although the effi-
ciency of iPSC reprogramming is typically quite low (<1.0%
of starting cells), the extensive self-renewal capability of
iPSCs (like ESCs) enables production of essentially unlimited
numbers of cells from a single iPSC colony. With respect to
application, iPSCs are particularly significant for two reasons.
First, they can be differentiated into transplantable cells and
tissues, which are predicted to be fully immunocompatible
with the original patient from whom they derive.®2 Second,
because iPSCs can be generated from any patient, they pro-
vide a means of producing iz vifro models harboring naturally
occurring genetic mutations.»>13715 Such models, if indicative
of a disease state, can be considered a type of patient-specific

biomarker (see below Section 6, iPSCs Present Opportunities
for Biomarker Discovery and Development). iPSC research rep-
resents a new paradigm for both human cellular therapy and
disease modeling (Fig. 2). The invention of iPSCs in 2006
was so significant that Dr. Yamanaka was awarded the Nobel
Prize in Medicine only six years later, in 2012.%*

Pluripotent stem cells are believed to have the potential
to generate any type of cell present in the embryonic or adult
body. Using a technique called tetraploid complementation,
entire mice have been generated from clonal populations of
mouse ESCs and iPSCs.1®'7 This experiment cannot currently
be reproduced in humans, due to technical, ethical, and safety
concerns. To demonstrate that human ESCs and iPSCs are
pluripotent, they are implanted into immunodeficient animals
and allowed to differentiate into large tumors called terato-
mas, which contain human tissues representing the three
germ layers of the embryo.* The complexity and diversity
of these tissues demonstrates the potential of hPSCs as a
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Figure 1. Generation of iPSCs from kidney disease patients. (A) Representative images and (B) time line of iPSC generation from skin fibroblasts.

At 4 weeks, mature iPSC colonies display characteristic rounded edges (yellow arrows). The figure is based on the protocol described in reference 2;
alternative protocols, transcription factor combinations, and timelines are also possible. Scale bar, 200 um.

Note: The image of doctor and patient in this figure was obtained from the National Cancer Institute and is the work of photographer Bill Branson. It is in

the public domain.
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Figure 2. Current paradigms and iPSC paradigms for research and therapeutics. Advantages of the iPSC paradigm are highlighted in the rightmost
column. Top row: the current research paradigm relies primarily on nonhuman model species, such as mice, to model human disease. In contrast, the
iPSC paradigm enables the study of human pathophysiology in human cells. Middle row: the current research paradigm relies on immortalized cell
populations, such as Hela cells, for disease modeling comparisons in vitro. In contrast, the iPSC paradigm promotes the development of genetically
diverse iPSC cohorts/libraries. Bottom row: compared to the current therapeutic paradigm of kidney transplant, iPSC-derived autograft transplantation is

envisioned, in combination with gene therapy.

Note: The image of the lab mouse in this figure, created by Rama and obtained from Wikimedia Commons, is reused under a CC-BY-SA license. The
image of a multi-well cell culture plate, created by Lilli_M as part of Wikiproject LabSnap 2011, was obtained from Wikimedia Commons and reused under

a CC-BY-SA license.

next-generation cellular model for multiple organs (Fig. 3A).
Using detailed regimens of specific growth factors, hPSCs
can also been directed to differentiate into numerous types
of cells and tissues, which in some cases can form functional
xenografts in immunodeficient animals.1®2 The generation
of kidney ‘organoids’ from hPSCs, containing multiple cell
types in nephron-like architectures, is one recent example that
illustrates the ability of differentiating hPSCs to self-assemble
into complex structures (Fig. 3B; see below Section 7, Kidney
Organoid Differentiation from hPSCs Enables Human Disease
Models). 132! hPSCs therefore provide a reproducible source of
human tissues for investigation, both in vitro and in vivo.

3. hPSCs represent a possible source of new nephrons
for research and transplant. Adult humans have a limited
number of kidney nephrons and are incapable of generating
new nephron units in a clinically useful capacity. Studies sug-
gest that nephrogenesis in mammals ceases iz uzero or soon after
birth, concomitant with the depletion of nephron progenitor
cells (NPCs).2223 In the adult, kidney tubular epithelial cells

(KTECs) can proliferate and repair tubular segments after
injury, but no adult cell population has been identified with the
capacity to replace lost nephrons.?#?> KTECs are thus devel-
opmentally restricted to a more mature cell fate. In contrast
to adult KTECs, hPSCs represent a very early developmental
stage, well before the kidney has even formed. hPSCs self-renew
extensively in vifro, without undergoing de-differentiation or
senescence.l? This differs from fetal NPCs, which differentiate
or apoptose when removed from their metanephric niche and
serially passaged.??” hPSCs therefore represent the only long-
term cultivatable cell type with the potential to generate new
human nephrons.

For the kidney, iPSCs present two major opportunities
(Figs. 1-2). The first is to produce new kidney tissue for trans-
plantation, which could potentially be derived from patients
and administered without immunosuppression as a renal
replacement therapy.>%? This goal may not be achievable in a
short time frame, due to the complexities of kidney architec-
ture, safety concerns, and the partially effective gold standards
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Figure 3. Generation of complex tissues from hPSCs. (A) Teratoma sections stained with hematoxylin and eosin showing formation of pigmented
epithelium (ectoderm), cartilage (mesoderm), and secretory crypts (endoderm) 10 weeks after injection of hPSCs beneath the kidney capsule of a NOD.
SCID immunodeficient mouse. (B) Kidney organoid differentiated from a patient iPSC line, showing LTL* tubules surrounded by peripheral clusters of
PODXL* podocyte-like cells. Image reproduced with permission from reference 20. Scale bars, 200 um.

Note: Images are reused from Freedman BS, Brooks CR, Lam AQ, et al. Modelling kidney disease with CRISPR-mutant kidney organoids derived from
human pluripotent epiblast spheroids. Nature Communications. Oct 23 2015;6:8715:1-13, under the terms of a CC-BY license.

of dialysis and allograft transplant. The second application of
iPSCs for the kidney is to develop ‘disease in a dish’ laboratory
models of human kidney disease. As iPSCs self-renew exten-
sively, cell lines from patients with kidney disease can be propa-
gated indefinitely and distributed to any lab for reproducible
experiments. For the vast majority of kidney diseases, iPSCs
would be the only available human laboratory models, or per-
haps the only laboratory models of any kind.

Whereas primary KTECs tend to dedifferentiate in
culture, hPSCs differentiate into NPCs and subsequently
KTECs along a developmental path. The epithelial struc-
tures that result from this differentiation process may more
closely approximate morphogenesis and physiology than pri-
mary cells displaced from their tissue microenvironment in
vivo. Another major advantage of hPSCs for disease mod-
eling experiments is their extensive genetic diversity. iPSCs
are now available representing hundreds, if not thousands,

13,14

of patients. iPSCs harboring naturally occurring human

mutations that cause renal disease can be generated directly
from patient cells, without requiring targeted mutagenesis.'®
Phenotypes identified in vitro can then be compared to clini-
cal data from the original patient.

4. iPSCs complement mouse models and genetics. For
the kidney, as for other tissues, iPSCs and mice are comple-
mentary model systems. Mice have several obvious advantages
over iPSCs. iPSCs are unlikely, in the near term, to achieve
the level of organ function and organization typical of an adult
animal such as the mouse. Likewise, there exists no obvious
way to integrate iPSC tissues from one organ system, such as
the kidney, with other organ systems, such as the cardiovas-
cular system. As kidney disease is multi-faceted and can both
influence and be influenced by pathophysiologies in other
organ systems, studies examining such relationships (eg, the
role of hypertension in causing kidney failure) are likely to
benefit more from animal models than iPSCs. From a genetics
standpoint, mice can be crossed, whereas no equivalent tech-
nology exists for cultured human cell lines, including iPSCs.

iPSCs also have certain advantages over the mouse as
a laboratory model. iPSCs can be readily generated from
human patients, with naturally occurring genetic mutations
that cause inherited disease. Such mutations may have spe-
cies-specific effects which cannot be reproduced in mice.?
For the kidney, one example of such species specificity is
autosomal dominant polycystic kidney disease (ADPKD).
Human ADPKD is inherited as heterozygous loss-of-func-
tion mutations in either PKDI or PKD2, which encode poly-
cystin-1 (PC1) and polycystin-2 (PC2), respectively.?3° In
mice, however, germline Pkd1 and Pkd2 heterozygotes dis-
play only very mild cystic disease.?>3? Compared to rodents,
iPSCs may therefore provide a more species-specific model
for some aspects of human pathophysiology. iPSCs are also
more accessible to microscopic inspection, experimental
manipulation, and high-throughput analysis than living tis-
sue in vivo. iPSCs are therefore well suited to drug discovery,
being of human origin, capable of complex tissue differentia-
tion, genetically diverse (derived from patients with assorted
human diseases), and amenable to high-throughput screening
approaches.®® One hope for the field is that iPSC research
will lead more quickly to drugs that will work in humans,
since many therapeutics that are effective in mice fail to con-
fer benefit in human clinical trials.™

iPSCs are also a potentially valuable tool for human
genetics research. Whole-exome and whole-genome sequenc-
ing technologies hold great promise for identifying disease-
causative mutations. Ultimately, however, the human genome
is extremely complex and every patient will have many ‘candi-
date’ mutations.3* Functional confirmation is therefore required
to rigorously establish a causative relationship between geno-
type and phenotype. iPSCs derived from patients within the
sequenced genetic cohort are well-suited for such experiments.
The rate-limiting step is the development of assays which
can reveal phenotypes specific to the disease in question. As
these assays become more robust and accessible, iPSCs will be
increasingly adopted by geneticists as a model system.
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Conversely, while iPSCs can be derived from any
patient, it becomes much more challenging to define a
mutant phenotype when the disease mutations have not been
sequenced. Many diseases and syndromes resemble each
other phenotypically and many human disease genes are
simply not known.** For iPSCs, most phenotypic assays are
still being developed and will require significant validation.
Knowledge of the disease genes and the underlying muta-
tions is particularly important for performing rescue experi-
ments which validate the phenotype. In this regard, the best
starting material for iPSC experiments are somatic cells
from patients in which the disease-causative mutations have
been identified with a strong likelihood.* For some heredi-
tary kidney diseases, such as ADPKD, the candidate genes
are known and relatively few; for many others, there is a long
list of candidate genes or they may not be known at all. In
such cases, iPSCs may be derived from a cohort of patients
in collaboration with geneticist.

II. Recent Advances

5. iPSC lines provide patient-specific models for
studying kidney disease. iPSCs or hESCs have now been
generated with genetic mutations relevant to several kid-
ney diseases, including ADPKD, autosomal recessive PKD
(ARPKD), renal cysts and diabetes syndrome (RCAD/
MODYS5), Alport syndrome, Wolfram syndrome (WFS),
Wilms tumor, focal segmental glomerulosclerosis (FSGS),

and systemic lupus erythematosus (Table 1).203°43 In an early
study of ADPKD and ARPKD iPSCs, the first cell biologi-
cal defect with potential relevance to kidney pathophysiol-
ogy was identified. iPSCs from three unrelated patients with
ADPKD expressed reduced levels of PC2 at the primary
cilium, an antenna-like sensory organelle important to PKD
etiology.®® In contrast, PC2 localized to cilia efficiently in
iPSCs from healthy controls or patients with ARPKD. The
global levels of PC2 were unchanged in ADPKD iPSCs, sug-
gesting a trafficking defect.3® Interestingly, the mutations in
these patients were in PKDI, suggesting that PC1 is required
for efficient delivery of PC2 to the cilium.*** Consistent with
this, overexpression of PC1 in iPSC-derived cells or mouse
IMCD3 cells was sufficient to increase ciliary PC2 levels.3
This study marked the first iPSC phenotype established for
a kidney disorder and suggested the possible utility of iPSCs
for studying human PKD.%

Notably, at the time this study was performed, efficient
protocols for differentiation of hPSCs into KTECs had not
yet been developed. As surrogates for KTECs, other types
of somatic epithelial cells were investigated, as well as undif-
ferentiated hPSCs, which were shown to be ciliated and to
express the PKD disease genes.>>* Reduced ciliary PC2
levels were previously observed in cyst-lining epithelia from
PKDI-mutant patients and mice, although in such cases it was
not clear whether the phenotype was a primary defect or a sec-
ondary consequence of damage to the kidney.*»* In contrast,

Table 1. hPSC lines for modeling kidney diseases.

DISEASE KIDNEYSYMPTOM REFERENCE CELL GENE PATIENTS  PHENOTYPE IN VITRO
TYPE
Alport syndrome Proteinuria, renal 43 iPSC COL4A5 3 n.d.
insufficiency
Autosomal dominant polycystic kidney Numerous cysts in 35 iPSC PKD1 3 Reduced ciliary PC2
adulthood 36 iPSC  PKD1 1 n.d.
37 iPSC  n.d. 1 n.d.
20 ESC PKD1 (1) Cysts from tubules
20 ESC PKD2 (1 Cysts from tubules
Autosomal recessive polycystic kidney Numerous cysts in 35 iPSC PKHD1 2 n.d.
childhood
Fabry disease Proteinuria, renal 39 ESC GLA (1) n.d.
insufficiency
Focal segmental glomerulosclerosis Proteinuria, renal 20 ESC PODXL (1) Junctional defects in
insufficiency podocytes
Renal cysts and diabetes Multiple cysts in 40 iPSC HNF15 (3) n.d.
childhood
Systemic lupus erythematosus Nepbhritis 36 iPSC n.d. 1 n.d.
38 iPSC  nd. 4) n.d.
Wilms tumor Nephroblastoma 36 iPSC n.d. 1 n.d.
Wolfram syndrome Diabetes insipidus 41 iPSC WFS1 1,(3) ER stress
42 iPSC WFS1 3,(2) ER stress

Note: Parentheses () indicate unconfirmed clinical phenotype.
Abbreviation: n.d., not determined.
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the iPSCs were derived from skin fibroblasts, a cell type not
known to be affected by PKD. Recently, strong interdepen-
dence of PC1 and PC2 ciliary traflicking was also shown in
kidney epithelia and embryonic fibroblasts from Pkd17~ and
Pkd27~ mice.**8 These findings, together with the iPSC data,
strongly support the hypothesis that ciliary trafficking of PC2
is directly regulated by PC1 in diverse cell types, in contrast
to a previous study.*’ Further mechanistic studies are required
addressing the pathophysiological consequences of PC1 and
PC2 ciliary trafficking and the possibility of modulating this
process as a therapeutic strategy. Notably, the primary cilium
has been previously identified as a biomarker in the adaptation
of mesenchymal stem cells to low oxygen tensions.’® Loss
of PC2 from ADPKD iPSC cilia may similarly represent a
highly-sought biomarker for ADPKD, for which genetic
diagnostics are complex and have limited predictivity.3>!
Kidney disease is complex and may involve other organ
systems. In addition to the disorders listed in Table 1, sev-
eral studies have described iPSCs from patients with diabetes
mellitus (DM).1540:5255 Diabetic nephropathy resulting from
DM is a major cause of chronic kidney disease. Studies of DM
iPSCs have focused on modeling the primary defect in these
patients in iPSC-derived pancreatic 3 cells and have not yet
examined downstream effects on the kidney. Another disorder,
Wolfram syndrome (WFYS), is associated with both DM and
diabetes insipidus (DI), the latter characterized by excessive
thirst and dilute urine. WFS-associated DI appears to result
from the inability of the hypothalamus to efficiently secrete
arginine vasopressin.”® In two studies with potential relevance
to the kidney, fibroblasts from WEFS patients, including sev-
eral with clinically documented DI, were reprogrammed into
iPSCs. % WFS iPSCs differentiated into the pancreatic
lineage exhibited a phenotypic defect in insulin production,
which was linked to ER stress. This phenotype was absent in
healthy control iPSCs, as well as WFS iPSCs expressing a ‘res-
cue’ allele of WFS1, which regulates protein processing in the
endoplasmic reticulum (ER).*! In a second study, WES iPSCs
differentiated into neuronal progenitor cells were shown to
have increased sensitivity to thapsigargin-induced cell death,
compared to iPSCs from control patients. The FDA-approved
small molecule dantrolene was found to be protective in these
iPSC-derived neuronal cells, suggesting a possible therapeu-
tic.*? These findings provide new insight into the causes of both
B cell and neuronal dysfunction in WEFS patients, with poten-
tial relevance to both DM and DI. Studies modeling dysfunc-
tion in other organ systems using iPSCs may therefore have
implications for understanding and treating kidney disease.
Clinically, the hallmark of CKD is not any specific
pathophysiology but rather a decline in kidney function. Tra-
ditional methods such as pathway mapping, metabolic studies
and molecular pharmacology have revealed that there is no
single, generalizable ‘kidney disease.” Rather, kidney disease
encompasses a wide spectrum of different conditions, each
with its own unique pathophysiology, which in many cases

remains poorly understood. This in turn affects the suit-
ability of iPSCs as a model system. The examples provided
above indicate that iPSCs may be useful in modeling indi-
vidual kidney pathophysiologies at the cellular level. Experi-
mental design, and data interpretation, are likely to be easier
for conditions in which at least some progress has been made
in understanding the molecular pathway involved, such as
ADPKD. AsiPSCs are a cellular system, they are a promising
tool for delving deeper into these pathways, to better under-
stand pathophysiology at the cellular and molecular level. In
contrast, more systemic features of kidney disease, such as its
cause-and-effect relationship with hypertension, may be too
complex to be modeled with iPSCs in their current state, and
are better suited to animal models or clinical studies.

6. iPSCs present opportunities for biomarker dis-
covery and development. A biomarker has been defined as
“a characteristic that is objectively measured and evaluated
as an indicator of normal biological processes, pathogenic
processes, or pharmacologic responses to a therapeutic inter-
vention.”’ Disease modeling with iPSCs presents new oppor-
tunities for further development of existing biomarkers and
the discovery of novel ones (Fig. 4). In contrast to mouse mod-
els, iPSCs are potentially high-throughput, and can recapitu-
late human species-specific biology. iPSC-derived somatic
cells are now positioned to compete effectively with immor-
talized and primary cell lines currently in use in industry.
A recent study revealed that immortalized cell lines represent-
ing the cardiac, renal, and hepatic lineages were unable to pre-
dict organ-specific toxicologies in vitro.® hPSC-derived cells
and organoids may provide more accurate models for toxicol-
ogy, using human biomarkers as a readout of organ-specific
injury. This opens up a new frontier for biomarker research.

Recent work indicates that hPSC-derived cell types are
capable of expressing injury- or disease-specific biomarkers,
with implications for drug discovery. hESC-derived cardio-
myocytes exposed to doxorubicin, a chemotherapeutic asso-
ciated with cardiotoxicity, were found to release two clinical
indicators of cardiac injury, cardiac troponin T and fatty acid
binding protein 3.*’ In a proposed model of cardiac hypertro-
phy, iPSC-derived CMs treated with endothelin-1 responded
with increased cell size, reactivation of fetal cardiac genes, and
secretion of B-type natriuretic peptide, a biomarker of myo-
cardial dysfunction.®® This assay could be miniaturized to a
384-well format amenable to high-throughput screens, which
showed reproducible characteristics between different lots of
the same iPSC line.*° In the neuronal lineage, iPSC-derived
neurons purchased from Cellular Dynamics International
were shown to be highly sensitive to Clostridium botulinum
neurotoxins, using cleavage of SNARE proteins as a bioindi-
cator and rat spinal cord neurons as a positive control.®! In
another example, oligomers of amyloid-f peptide, a biomarker
of Alzheimer’s disease that forms insoluble plaques in patient
brains, were shown to accumulate intracellularly in patient
iPSC-derived neurons, leading to ER stress.®?
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Figure 4. Biomarker applications for iPSCs. (A) Injury of kidney oganoids results in upregulation of KIM-1, a known proximal tubule injury biomarker
(references 20, 21). Such assays may provide a basis for screens testing nephrotoxicity of candidate therapeutics. (B) Organoids with PKD7-'- and
PKD2- mutations form cysts from kidney tubules, which are not observed in organoids without PKD mutations (reference 20). This assay may provide a
novel, patient-specific biomarker for PKD in vitro. A similar approach could be taken for other kidney diseases.

In principle, the same approach may also be useful for
kidney biomarkers, such as those used to detect acute kidney
injury (AKI). Because assessment of individualized kidney
tissue derived from iPSCs would take months, the application
of these techniques is unlikely to be of clinical utility in treat-
ing AKI in patients, which is an acute syndrome with a nar-
row therapeutic window. Rather, the availability of a human
model system with characteristics of AKI in vitro, for instance
the specific upregulation of AKI biomarkers under stress con-
ditions, might provide a useful pre-clinical diagnostic with
which to screen candidate therapeutics for chemical nephro-
toxicity, a common side effect that can be a major problem in
clinical trials. For instance, kidney injury molecule-1 (KIM-1)
is a biomarker of proximal tubular injury, which can be used
to diagnose AKI in the clinical setting.®*%* Primary KTECs,
however, lose the ability to specifically upregulate KIM-1 after
injury, which has restricted the use of KIM-1 to the diagnosis
of individual patients on a limited basis.®®»®* Recent studies
suggest that hPSC-derived human kidney tubules are capable
of KIM-1 expression under nephrotoxic conditions, a find-
ing that extends the use of KIM-1 to drug toxicity screening

in vitro (Fig. 4A).202! Treatment with either cisplatin and gen-
tamicin, two agents that commonly cause drug-induced neph-
rotoxicity, caused dose-dependent toxicity to hPSC-derived
proximal tubules, identified based on their high affinity for
Lotus tetragonolobus lectin (LTL) and their arrangements rela-
tive to other nephron cell populations (see below Section 7,
Kidney Organoid Differentiation from hPSCs Enables Human
Disease Models) 2! Treatment with these agents induced
KIM-1 upregulation in proximal tubules, but not in simi-
larly treated distal tubule-like structures or in undifferenti-
ated hPSCs, suggesting this is a tissue-specific response.?%?!
A similar approach might be applied in a disease- or
segment-specific way to analyze additional renal biomarkers,
such as neutrophil gelatinase-associated lipocalin (NGAL)
and other markers.®>~%” The application of biomarkers such as
KIM-1 and N-GAL to drug toxicity screening in vitro repre-
sents a new area of research, which expands the utility of these
biomarkers beyond clinical practice. Notably, in one of these
studies, kidney organoids were produced in 96-well plates,
a format amenable to high-throughput screens to identify
nephrotoxic or alternatively renoprotective agents.20 Testing
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of many additional nephrotoxic and non-nephrotoxic agents
in this assay is required to determine the degree to which the
system is specific and predictive of biomarker responses in
human patients.

In a more general sense, disease-specific phenotypes in
iPSCs may also be considered a type of biomarker since they
can be assessed on a personalized medicine level using patient-
derived iPSCs. If the phenotype is sufficiently robust and
clinically predictive, it may be used to diagnose a patient. This
is particularly important in cases where the genetic defects
underlying a hereditary disease cannot be easily determined.
In such cases, iPSC phenotypes could conceivably predict
inheritance of a disease, decades before the symptoms first
manifest in patients. For example, kidney tubules derived from
iPSCs with PKD mutations might be expected to exhibita cys-
togenesis phenotype iz vifro, compared to tubules from iPSCs
without PKD mutations, as suggested by recent experiments
using gene editing in hESCs (Fig. 4B; see below Section 7,
Kidney Organoid Differentiation from hPSCs Enables Human
Disease Models).° In such a case, cystogenesis in iPSC-derived
kidney tissue could be considered a biomarker for PKD, since
it is a quantifiable, tangible characteristic that can be used as
an indicator of a current or future disease state. Such a bio-
marker could be utilized to predict PKD and possibly gauge
its severity in patients, well before clinical symptoms become
apparent. iPSC phenotypes are a particularly powerful kind of
biomarker, because they can also be used to test therapeutics
capable of rescuing the disease. Using such an approach, it may
one day be possible to model a patient’s response to specific
drugs in witro, before initiating clinical treatment. A limita-
tion of this approach, however, is that it requires iPSC gen-
eration, differentiation, and phenotyping for each individual
patient. Given the cost involved, significant advances in each
of these areas will be required for personalized iPSC disease
modeling to become a reality.

7.Kidney organoid differentiation from hPSCs enables
human disease models. Protocols for directed differentiation
of hPSCs into NPCs and KTECs have been described by
several groups.!216871 Tn these studies, hPSCs were treated
with growth factors and chemicals, such as the GSK3p inhibi-
tor CHIR99021, to promote their differentiation into mesen-
dodermal progenitor cells. Subsequent treatment with factors
such as FGF2 induced expression of NPC markers, including
WT1 and PAX2, in a mesenchyme-like population. Sponta-
neous epithelialization was observed in a subset of cells during
longer incubations (-2 weeks). These studies relied primarily
on descriptive methods such as immunofluorescence, histol-
ogy, and gene expression data to categorize the derived cells
as kidney.%¢70

Whereas earlier studies did not clearly demonstrate
nephron-likesegmentationin these cell cultures, severalrecent
studies, the earliest being the paper by Taguchi et al. in 2014,
have shown that differentiating hPSCs can self-organize into
epithelial structures containing continuous segments of distal

tubules or ducts (ECAD"), proximal tubules (LTL*CUBN™),
and podocytes (PODXL*WT1%).18-21 These structures bear a
striking resemblance to the architecture of the nephron, and
are therefore referred to as kidney ‘organoids’ (see Fig. 3B).
The term ‘organoid’ is used in different ways by different
groups, but generally refers to an organized collection of
cells in witro that structurally and functionally resembles a
body organ, tissue, or multicellular subunit thereof.”? In one
recent study, RNA-Seq analysis was performed on hPSC-
derived kidney organoids and thirteen human somatic fetal
tissues. Clustering of gene expression profiles based on 85
classifier genes suggested that the organoids were most
similar to first-trimester kidneys, although the concordance
was not perfect, and similarities with the embryonic gonad
were also noted.!? Further functional experiments are there-
fore required to conclusively identify these cells and their
precise embryological correlates.

Among these recent publications describing kidney
organoid differentiation, one study further utilized these
organoids to address the possibility of modeling kidney
physiology and disease in the kidney lineage, using hPSCs.2°
To model disease in KTECs, gene editing of hESCs was
performed using the Cas/CRISPR (clustered regularly inter-
spersed short palindromic repeats) system to introduce bial-
lelic, truncating mutations into PKDI or PKD?2, the autosomal
dominant PKD disease genes. Kidney organoids derived from
PKD17~ or PKD2”~ hESCs both produced cyst-like struc-
tures, which were not observed in control ESCs of identi-
cal genetic background that lacked these targeted mutations
(Fig. 4B).2° The cyst-like structures appeared approximately
two weeks after differentiation of the kidney organoids, and
were shown to be hollow by confocal microscopy. Notably,
the cyst-like structures were derived from KTECs in proxi-
mal tubules, as demonstrated both by their high affinity for
LTL as well as time-lapse imaging showing cystic expansion
from tubular organoid structures.?’ Demonstration of PKD-
specific cystogenesis from kidney tubules represents a signifi-
cant advance for modeling PKD in cell cultures, which were
previously limited to cell lines or primary cells that readily
form cysts even in the absence of any mutations in the PKD
disease genes.”>”> With regard to PKD, one unanswered
question is whether KTECs derived from ESCs and iPSCs
with PKDI mutations will exhibit reduced ciliary PC2 lev-
els, similar to undifferentiated iPSCs and hepatic descendant
cells with such mutations.?® The cellular and molecular details
of cyst formation in this system remain to be determined,
and it is anticipated that KTECs with PKD mutations may
also exhibit additional PKD phenotypes, such as increased
proliferation or apoptosis, which are believed to contribute
to aberrant cystogenesis.>*32737> Such defects may be dif-
ficult to detect in lineages other than the kidney, which is
the most severely affected organ in PKID. Notably, despite the
presence of severe, biallelic loss-of-function mutations in the
PKD17~ or PKD27~ ESC lines, a cystogenesis phenotype was
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observed only in a minority of kidney organoids in each dish,
suggesting that the phenotype is less than 100 % penetrant.?
As PKD is typically thought to be a loss-of-function disease
that requires a somatic loss of heterozygosity (the two-hit
hypothesis),?¢-28
with PKD, in whom the mutations are typically less severe
than biallelic truncations, would also form cysts from tubular

it seems unlikely that iPSCs from patients

cells under these conditions. Notably, cyst-like structures can
also arise in cultures of unmodified (non-PKD) hPSCs during
the process of directed differentiation.®® Careful controls, ide-
ally of the same genetic background, are therefore essential in
iPSC studies of PKD cystogenesis to avoid false positives (see
below Section 8, Making Meaningful Comparisons Between
iPSCs from Different Patients).

Disease modeling with iPSCs may be particularly valu-
able for kidney cell types which have been difficult to study
or derive using other systems. This includes podocytes, whose
morphology is not well preserved in primary cultures from
kidney biopsy tissue.”® It remains unclear how reproducibly
iPSCs can be differentiated into mature podocytes with bona
fide foot processes, much less a complete renal corpuscle. Sev-
eral papers, however, have now demonstrated that hPSC-
derived kidney organoids contain pockets of podocyte-like
(WT1*PODXL") cells, which form tightly clustered aggre-
gates continuous with S-shaped tubular structures.!’®>! One
of these studies has further utilized this system to model
glomerular disease in these podocytes. In this study, the
CRISPR/Cas was applied to hESCs to introduce truncat-
ing, biallelic mutations into PODXL,* a candidate gene for
FSGS.”7 PODXL encodes podocalyxin, a negatively-charged
plasma membrane sialomucin expressed strongly in podocytes
and frequently downregulated in glomerular disease states.”®
In podocytes derived from wild-type hESCs, podocalyxin
localized to the exterior of the aggregates, whereas synaptopo-
din and zonula occludens-1 localized in linear tracks inside the
aggregate, in a reciprocal pattern to podocalyxin. Podocytes
derived from CRISPR-mutant PODXL~~ hESCs exhibited

a change in the localization of these junctional components,
which correlated with a decrease in the spacing between the
nuclei of adjacent podocytes, as detected by confocal micros-
copy.?? Notably, junctional defects were not observed in undif-
ferentiated PODXL~~ hESCs, suggesting this phenotype
may be specific to kidney podocytes.?’ The findings are con-
sistent with podocalyxin’s proposed role as an anti-adhesive
and a regulator of junctional organization in podocytes, which
has been previously demonstrated in Podx/~~ mice.”’ Further
mechanistic and ultrastructural studies are required to bet-
ter understand the precise function of podocalyxin in human
podocyte junctional organization. This phenotype provides
proof of principle for modeling podocyte disorders with
hPSCs. Notably, a genetic basis has yet to be identified for the
majority of glomerular diseases. As podocalyxin downregula-
tion and cytoskeletal defects are typical of glomerular disease
states, it will be interesting to see whether junctional pheno-
types such as those described in this study might establish a
more generally diagnostic biomarker for podocyte injury and
disease states.

As iPSCs represent a relatively early stage of develop-
ment, they may be particularly useful for studying early devel-
opmental cell types, such as NPCs, which are difficult to
sustain in primary cultures from mouse embryos.?® Progenitor
cell populations expressing SIX2, a marker of the metanephric
mesenchyme, have been reported in several of the published
protocols for hPSC differentiation.’®%87° In the mouse meta-
nephros, SIX2 is required to sustain the nephrogenic mesen-
chyme in a self-renewing state and prevent its premature
differentiation into ectopic tubules.?®8%8! The SIX2* popu-
lation therefore represents a potential target for functional
experiments in the NPCs derived from hPSCs. Here, too, it is
important to further define the extent to which the observed
SIX2* population specifically represents NPCs, as opposed to
SIX2* cells found in various other tissues.%?

It is not yet clear whether the cells/organoids generated
from hPSCs using these recent protocols represent pronephric,

Table 2. Technical challenges and strategies for iPSC comparisons.

TECHNICAL
CHALLENGE

POSSIBLE CAUSE

Variability between
iPSCs

Genetic background
Gender/age differences
Clone-to-clone variability
Lentiviral integration
Experimental conditions

EXPERIMENTAL STRATEGY

Increase sample size; use genome editing or RNAi on isogenic cells
Include gender/aged matched controls

Study 2 or more clones per patient

Use non-integrating episomal vectors or Sendai virus to reprogram
Plate and assay lines side-by-side with controls

Inconsistent iPSC culture conditions
differentiation

Partially reprogrammed lines

Protocol insufficiently robust
Disease gene affects differentiation
Memory of somatic cell lineage

Equilibrate all lines to one growth condition for all lines prior to starting
the experiment

Validate morphology, markers, self-renewal, and teratoma formation
for each line

Optimize differentiation protocol

Increase sample size and perform rescue experiments

Establish controls from same somatic cell type

Outlier iPSC lines
Allelic differences
Secondary defects in source tissue

Inconsistent mutant
phenotype

Present individual patient data alongside pooled data
Sequence genes and assess genotype-phenotype relationship
Reprogram a cell type unaffected by the disease
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mesonephric, or metanephric cells, or possibly some other
type of ductal lineage with gene expression patterns similar
to the kidney. It is very difficult to conclusively answer this
question using marker expression. In contrast to primary cells,
which are isolated from specific body parts, there are no spa-
tial cues available to identify hPSC-derived tissues a priori.
'This means that marker expression must be compared to the
entire soma, for which a comprehensive and specific list of
markers (adult or developmental) remains very far away. The
ideal proof for kidney function would be therapeutic trans-
plantation in a small animal model of kidney insufficiency.
Accomplishing such a task will require significant advances in
directed differentiation, bioengineering, and transplantation.
A complementary approach is to reproduce specific disease
phenotypes in kidney cells derived from iPSCs. Many kid-
ney diseases specifically aftect the kidney; if kidney-like cells
display a phenotype consistent with these syndromes, it would
provide strong evidence for lineage specificity. The recent
study demonstrating PKD and FSGS-related phenotypes in
organoid cells derived from CRISPR-mutant hPSCs, but not
in the corresponding undifferentiated hPSCs, therefore sup-
ports the conclusion that these organoids represent the kidney
lineage rather than another ductal organ.?’

II1. Technical Considerations

8. Making meaningful comparisons between iPSCs
from different patients. iPSC models have been published
for many different human diseases.!®* In most cases, these
consist of a side-by-side comparison of iPSCs derived from a
few disease patients to control iPSCs from healthy patients.
It is critical to note, therefore, that ESCs or iPSCs from dif-
terent individuals differ significantly in their ability to dif-
ferentiate along certain lineages.3%384 To gauge line-to-line
variability, a set of 20 hESC and 12 hiPSC lines were sub-
jected to whole-genome transcriptional and epigenetic pro-
filing in the pluripotent state.>34 Hierarchical clustering of
hESCs and hiPSCs revealed no clear-cut break, indicating
the two cell types were essentially the same. However, vari-
abilities in both gene expression and epigenetic marks were
observed between different individual hPSC lines, both
hESCs and hiPSCs. Each line was then subjected to stochas-
tic and directed differentiation protocols, and differentiation
efficiencies estimated either based on RNA sequencing or
marker expression.>8* These studies demonstrate that indi-
vidual iPSCs and ESCs, while essentially the same cell type,
do exhibit significant line-to-line variabilities, which can
affect their potential for differentiation into various lineages.
'The authors used the data to create a prototype ‘lineage score-
card, proposed to predict the differentiation tendencies of
hPSC lines based on the expression levels of 500 genes in the
undifferentiated state.>3* One caveat to this scorecard, which
has limited its wider-scale adoption and validation, is that
it requires significant resources and specialized instrumenta-
tion to perform and analyze.

It is not yet clear to what extent the variability in dif-
ferentiation tendency observed among diftferent hPSC lines is
an intrinsic property of the cell lines and their genetic back-
grounds, or an indicator of insufficiently-robust protocols for
directed differentiation. Either way, such variability is a con-
cern for many disease modeling studies using iPSCs, which
rely heavily on comparing iPSCs from disease patients to
iPSCs from healthy control patients. Given the small sample
size and the genetic heterogeneity between these cell lines,
how reliable are such comparisons? Work in this field over sev-
eral years has suggested several strategies for making mean-
ingful comparisons between iPSCs (Table 2). It is critical that
iPSCs used for side-by-side comparisons should be as similar
as possible, both in their derivation history and their charac-
teristics in culture.>84 Although the precise reasons for iPSC
variability are poorly understood, there are certain measures
researchers can take in order to reduce variability and improve
the chances for correct interpretation of the data. Early iPSCs
were generated using lentiviral transgenes which integrated
into the genome.>>% Although these viral genomic DNA
sequences were efficiently silenced in the resulting undiffer-
entiated iPSCs, in some cases they could become re-activated
during subsequent differentiation.®* Newer approaches use
non-integrating episomes or Sendai virus that are less likely to
persist after reprogramming.gs’87

In addition, the choice of starting cell for reprogram-
ming may be important for subsequent experiments. Aside
from fibroblasts, many other types of somatic cells have been
successfully reprogrammed, including blood cells, hair follicle
cells, kidney mesangial cells, and urinary cells.1428:38,43,88-91 T¢
may not be acceptable to compare iPSCs derived from fibro-
blasts to iPSCs derived from blood, since they might retain
transcriptional or epigenetic ‘memory’ of the parental lin-
eage, which could affect subsequent differentiation.”>? The
key consideration here is that iPSCs from disease patients and
iPSCs from control patients should be derived similarly, from
the same starting cell type, and ideally side-by-side.

Even iPSC lines reprogrammed exactly the same
way should be carefully inspected to make sure that they
resemble one another with respect to morphology, marker
expression, and pluripotency. Otherwise, there is the
risk that some lines may be only partially reprogrammed
— with some but not all the features of bona fide iPSCs
(see Fig. 1A).4% To reduce intrinsic variability, multiple
patients and clones should be examined side-by-side, and
phenotypic data should be presented for each individual
patient or line alongside the averaged data pooled from the
entire cohort of iPSCs. For major conclusions, differences
should be subjected to appropriate statistical tests to dem-
onstrate significance or lack thereof.

9. Technical strategies for efficient disease modeling
with iPSCs. A major practical challenge for iPSC disease
modeling is the time required to establish and characterize
the disease model. Because iPSC derivation involves patient
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Figure 5. Patient and genome-modification paradigms for iPSCs. In the patient comparison paradigm (left, green box), genetically heterogenous iPSCs are
compared in cohorts, revealing specific phenotypes (loss of PC2 and ciliary signaling defects in ADPKD patient). In the genome-modification paradigm (right,
purple box), the original iPSCs are genetically modified (arrows) to introduce or correct genetic mutations and the corresponding phenotypes in isogenic lines.

recruitment, approval of an institutional review board is typi-
cally required, which can take several months. Up to twelve
weeks may be required to grow the primary cultured cells
from the patient into somatic cell lines amenable to repro-
gramming. An additional twelve weeks is required to establish
and expand the iPSC lines, and to perform minimal quality
control assessments such as karyotyping and stochastic differ-
entiation assays. Thus, merely generating the cells can easily
take half a year. Directed differentiation protocols can take
anywhere from 2 to 10 weeks from the time of initially plating
the cells. Furthermore, differentiation may be less than 100%
reproducible from one experiment to the next, presumably
due to minor differences in technique and the inherent sto-
chasticity of the differentiation process. Failure to efficiently
differentiate can result in weeks of lost labor for the investi-
gator. This problem becomes significantly compounded when
dealing with multiple lines (each with its own tendencies) and
when the objective of the experiment is not merely to reach a
specific stage of differentiation but also to rigorously analyze
a cellular phenotype. In general, cells in these differentiation
protocols do not freeze well or behave the same after dissocia-
tion, so stopping mid-way or growing up a large batch of cells
may not be an option.

There are several strategies that the experimentalist can
adopt to minimize the risk of failure during lengthy differen-
tiation protocols (Table 2). First, as many iPSC lines as can be
reasonably cultured at one time (typically, six) should be dif-
ferentiated and analyzed side-by-side. This saves effort in the
long run and also minimizes experiment-to-experiment vari-
abilities, so that the comparisons made are more meaningful.

Second, experiments should be staggered so that new dif-
ferentiated cells are available on a regular basis (every week
or second week). This way, the lag time of differentiation is
limited to the very first round of experiments. Third, if para-
meters affecting the differentiation are known, it is frequently
helpful to try a few different variations of the differentiation
protocol within each round of differentiation. For instance,
this may involve modulation of the concentration of a specific
growth factor, or plating density. Including multiple varia-
tions reduces the risk that the differentiation protocol will fail
completely. Of course, comparisons between different iPSC
lines must always be made using a single differentiation condi-
tion, at least within any given experiment.

It is critical to perform a rescue experiment to more rig-
orously establish the specificity of any discovered phenotype.
For instance, stable expression of wild-type WFSI in WES
iPSCs significantly improved insulin secretion from derived
pancreatic cells.*! Such rescue experiments can pose a signifi-
cant technical challenge in iPSCs, for which exogenous gene
expression techniques are still being optimized. In the case of
PKD iPSCs, ADPKD iPSC-derived hepatoblasts were trans-
fected with full-length human PKDI to rescue PC2 local-
ization at the primary cilium.* Transfection was relatively
inefficient, due to the difficulty of transfecting these conflu-
ent differentiated cell layers and the huge size of the PKDI
construct. The experiment was therefore repeated in the
more traditional model of IMCD3 cells, with similar results.
A hypothesis generated from experiments in iPSCs may there-
fore be further tested and validated in other, more developed
model systems.
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IV. Future Directions

10. Advanced genetic and genomic approaches comple-
ment disease modeling with iPSCs. Recent years have seen
a significant increase in genome modification approaches for
human cells. There are now several different technologies avail-
able for modifying the human genome, which have recently
been reviewed for hPSC applications.”®” These include
traditional site-directed homologous recombination, zinc-
finger nucleases (ZFNs), TALENs (transcription activator-
like effector nucleases), piggyBac transposons, adeno-associated
viruses (AAVs), and Cas/CRISPR. The principle behind these
approaches is to direct nuclease activity to a specific sequence
within the genome, and thereby introduce a double stranded
break (DSB). The ensuing DSB repair process may introduce
stochastic insertions or deletions (indels) which disrupt the
gene, or alternatively allow for sequence-specific mutagen-
esis in the presence of an appropriate template for homology
directed repair (HDR). Using any of these approaches, hPSCs
can be derived harboring targeted mutations, which are oth-
erwise isogenic with the parental hPSCs.”? For instance, the
Cas9 nuclease has biallelic mutagenesis efliciencies of 4%—-25%
in hPSCs.%8%9

Genome editing approaches have been applied to hPSCs
to study several organs and diseases. In one example, intro-
duction of a specific long-QT syndrome (LQTS) mutation
via genome editing of hESCs resulted in a prolonged action
potential in derived cardiomyocytes, similar to the pheno-
type previously described in LQT'S iPSCs.1% Genome edit-
ing techniques have also been successfully applied to produce
homologous recombinants which correct the genetic lesions in
patient-derived iPSCs.?7100192 This is a powerful way to dem-
onstrate the specificity of the gene mutations to the observed
phenotypes, which models gene therapy in the original patient.
In one example, genetic correction of LAMNA mutations sig-
nificantly rescued senescence and nuclear abnormality phe-
notypes in progeria iPSCs.! Similarly, correction of A74T
mutations in iPSCs from ol-antitrypsin deficiency patients
led to a dramatic cell biological rescue of A1AT structure
and enzyme function.!®® Genome editing also enables selec-
tion strategies that have been used to correct trisomy of chro-
mosome 21 in Down syndrome iPSCs.1% Genome-editing
experiments represent a new genetic paradigm for human cells
and are likely to be required for rigorous validation of pheno-
types in iPSCs.

Recent work demonstrates that these same approaches
are likely to be very informative for studies of kidney disease
iPSCs. As described above (see section 7, Kidney Organoid
Differentiation from hPSCs Enables Human Disease Models),
a recent study applied the CRISPR/Cas system to generate
hESCs with mutations in disease genes linked to PKD and
FSGS.2° Disease-relevant phenotypes were observed in the
derived CRISPR-mutant kidney organoids, in the appropri-
ate cell types (KTECs for PKD, podocytes for FSGS). Criti-
cally, these phenotypes were not observed in unmodified,

control hPSCs of identical genetic background that lacked
these targeted mutations.?? This paper establishes a para-
digm of gene editing that can be applied to validate kidney
disease phenotypes observed in patient-derived iPSCs. For
instance, CRISPR-mutant PKDI~~iPSCs could be compared
to unmodified, healthy iPSC controls of otherwise identical
genetic background to test the hypothesis that PC1 is required
for ciliary trafficking of PC2 (Fig. 5).% In this hypothetical
experiment, the only difference between the wild-type and
PKD cell lines is the mutation in PKDI, reducing the issue
of variability between patient iPSCs (Table 2). Alternatively,
correction of PC1 mutations in ADPKD iPSCs would be pre-
dicted to enhance PC2 trafficking to cilia (Fig. 5). The futuristic
application of this would be to isolate iPSCs from the patient,
correct the genetic defect, differentiate the cells, and validate
that the disease phenotype has been rescued in vitro. Having
validated the corrective approach, gene therapy could be per-
formed directly in the patient’s tissues iz sizu, or alternatively,
one could administer the gene-corrected, immunocompatible
transplant to the patient to replace lost tissues (Figs. 1-2).

RNA interference (RNAi) is a useful alternative and
complement to genome editing in hPSCs. RNAI can be per-
formed transiently to replicate plates of starting cells. In this
way, phenotypes produced with RNA] are free of any clonal
aberrations which might affect genome-modified lines. RNAi
is also less labor intensive than genome modification and has
been performed efficiently in hPSCs for many years.'®* For
hPSCs, RNAI can be performed at any stage of the differen-
tiation protocol, simplifying the interpretation of experiments
involving genes important at multiple developmental stages.
Interestingly, recent experiments suggest that outcomes of
RNA] experiments may in some cases differ from those of
genome editing.!>1% Rigorous, side-by-side comparisons
at both the genome scale and that of individual genes are
required to understand the specific differences between gene
knockdown and knockout. Such studies are likely to shed light
on our understanding of how gene expression levels affect cel-
lular functions.

hPSCs also provide new opportunities to perform stud-
ies at the scale of the genome, epigenome, transcriptome, and
proteome. Such studies can be challenging to interpret in
animal tissues which typically include a variety of cell types
expressing different genes, and may be further complicated by
inflammation and injury in disease states. In contrast, hPSCs
can be differentiated into cultures with defined cell types,
under relatively simple and controllable culture conditions,
enabling analysis of cell-type specific global gene expression
patterns. In proof of principle for this approach, one recent
study utilized the whole-genome bisulfite sequencing, chro-
matin immunoprecipitation sequencing, and RNA sequencing
to characterize changes in gene expression during differentia-
tion of hPSCs into each of the three embryonic germ layers
(endoderm, mesoderm, and ectoderm).!%” Flow cytometry was
necessary to purify these sub-populations, underscoring the
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point that differentiated hPSC cultures are typically mixed
populations and that purity remains a significant challenge.
'The results of this study supported an important role for chro-
matin modification and DNA methylation in regulating germ
layer-specific transcriptional patterns.!?” The logical next step
for whole-genome studies is to apply such methodologies
to hPSC-derived populations for the purposes of studying
human disease. Such experiments could potentially provide a
detailed, transcriptome-level view of human disease states in
the relevant tissue types. For diseases such as PKD, such an
unbiased, global analysis may reveal specific pathways criti-
cal to pathophysiology that have been previously overlooked.
However, iPSCs from different patients may be too heterog-
enous to provide meaningful comparisons at the genome scale
(see above section 8, Making Meaningful Comparisons Between
iPSCs from Different Patients). Genome-edited or RNAi-
treated hPSCs are likely to be less variable and provide a more
useful starting point for these experiments.

11. iPSC research moves from dish to clinic. The field
of iPSC research has important translational potential for
improving patient health, which has fueled its expansion
and visibility. One area in which iPSCs can benefit dis-
ease research is in the discovery and testing of new drugs.
As iPSC-based disease phenotypes and biomarkers are dis-
covered and characterized, they raise the possibility of per-
forming screens for therapeutic compounds that ameliorate
iPSC phenotypes in vitro. Such an approach would guide the
selection of candidate therapeutics for testing in pre-clinical
animal models and ultimately in human patients. Recently,
a screen of ~5,000 small molecules identified a GSK3 inhib-
itor, kenpaullone, as consistently enhancing survival in motor
neurons derived from mouse ESCs.3® The authors then per-
formed a small-scale “clinical trial iz vitro” to demonstrate
that the compound was also effective at sustaining motor
neurons produced from a small cohort of hPSCs, includ-
ing iPSCs from two patients with amyotrophic lateral scle-
rosis.33 The advantages of hPSCs — reproducibility, species
specificity, and high throughput — make them an attractive
model system for biotechnology and pharmaceutical screen-
ing applications. What is now required at the basic research
level is identification of disease-specific phenotypes in iPSCs
which may be useful for performing therapeutic screens. For
the kidney, this will require disease modeling efforts with
iPSCs representing a broad spectrum of kidney disorders,
with the goal of identifying cellular phenotypes that inform

our understanding of the molecular pathophysiology underly-
ing each disease. This information can then be used to guide
the development of therapeutics that target the root causes of
disease at the molecular level. Such early-stage interventions
would complement and enhance current clinical strategies,
which primarily target late-stage consequences of kidney
dysfunction. Collaborations between iPSC researchers and
laboratories studying specific kidney diseases will be essential
for this effort to succeed.

An attractive feature of iPSCs is that they may some-
day be utilized to produce patient-specific tissue which is
both transplantable and immunocompatible with the origi-
nal patient.®? The need for this is clear for kidney disease, in
which ~15% of grafts suffer acute rejection, and the remainder
require life-long immunosuppression to slow chronic rejec-
tion. Differentiated tissues derived from iPSCs are predicted
to be essentially 100% immunocompatible with the original
patient, based on mouse studies.®’ Transplantation experi-
ments in several organs, including the heart, liver, and pan-
creas, suggest that hPSC-derived somatic tissue can engraft
and function in animal models.1!2 The therapeutic potential
of iPSCs for autologous transplantation is currently being
evaluated in Japan in a small clinical trial for wet age-related
macular degeneration (AMD), using retinal pigmented epi-
thelial (RPE) cells derived from iPSCs.1% This pilot safety
study follows on the heels of an ongoing, high-profile clini-
cal trial testing the safety of ESC-derived RPEs for AMD
and Stargardt’s disease, sponsored by Ocata Therapeutics Inc.
(OCAT; formerly Advanced Cell Technology Inc.).10%110

Practical experience has also revealed significant bar-
riers to iPSC-based therapeutics, which have limited their
transition from bench to bedside. One financial consideration
is that Dr. Yamanaka and Kyoto University (iPS Academia
Japan, Inc.) hold an international patent on iPSCs. Whereas
academic institutions may utilize iPSC technology cost-free
for noncommercial uses, for-profit entities must license iPSC
technology for fees and royalties, typically in the range of
tens of thousands of dollars per year. According to the licens-
ing agency (http:/ips-cell.net/e/), over 100 entities have
signed agreements, suggesting that the licensing per se does
not constitute a major barrier to iPSC product development.
A more significant concern, strategically, is that each individ-
ual iPSC-based therapeutic needs to be developed on-demand
and in a patient-specific manner, to achieve immunocompati-
bility. Development of such therapeutics would require close

Table 3. Comparison of iPSCs and ESCs as potential cell therapeutics.

SELF-RENEWING

AND PLURIPOTENT? TIME (WKS) TIME (WKS)

DERIVATION DIFFERENTIATION LICENSING OFF-
FEE ($/YR)

IMMUNOCOMPATIBILITY/ RISKS
IMMUNOSUPPRESSION

ETHICAL
THE- ISSUES

SHELF?

iPSC Yes 24 2-10

50,000 + No

Autologous/no Tumorigenicity Privacy

ESC Yes 12 2-10 Free

Yes Allogeneic/yes Rejection, graft Embryo

v. host destruction
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to a year under ideal circumstances — and this would need
to be done for every patient (Table 3; see above section 8,
Making Meaningful Comparisons Between iPSCs from Differ-
ent Patients). Furthermore, success is not guaranteed. For
instance, in the aforementioned iPSC-based clinical trial in
Japan, the second patient’s iPSCs have reportedly failed to
pass the study’s rigorous quality control standards, possibly
due to a mutation. While the scientific details have not yet
been made public, this quality control issue has reportedly
resulted in a temporary halt to iPSC-derived RPE implanta-
tion in that trial, according to the RIKEN research institute,
where the trial is being conducted (http://www.riken-ibri.
jp/AMD). This case highlights an important safety issue:
because iPSCs are expected to be 100% immunocompatible
with patients, they and their derivatives will be invisible to
the immune system after implantation. It is therefore criti-
cal that any implant be scrutinized carefully for oncogenic
potential, lest the graft result in an autologous tumor and
potentially cause more harm than good.

ESCs represent an alternative to iPSCs as a source of
human tissue. ESCs feature self-renewal and pluripotency
characteristics similar to iPSCs, but with key logistical and
strategical differences (Table 3). Financially, ESCs may be
more attractive to companies than iPSCs. The patentability
of ESCs is disputed, and key patents are expected to expire
in 2015, twenty years after their filing. The safety and effi-
cacy of ESC-derived RPE grafts is currently being evaluated
in the Ocata Therapeutics clinical trial for AMD and Star-
gardt’s disease. In a test group of 18 patients, the only safety
issues identified appeared to be related to immunosuppression
and surgery, not the presence of the ESCs themselves. In an
encouraging sign, several patients exhibited improvements in
visual acuity after RPE-implantation, which were not observed
in untreated control patients.'®®!1? Of course, for any therapy
to be adopted as a clinical standard, it would need to be tested
against the existing clinical gold standard, which has not yet
been done. From an ethical standpoint, it is worth noting that
ESC derivation typically requires the destruction of a human
blastocyst-stage embryo, which may be ethically unacceptable
to some patients. To avoid this ethical issue, Ocata is utilizing
ESCs derived from individual blastomere cells, which can be
procured without causing harm to the embryo.!'! The ESCs
used in this trial are furthermore not HLA-matched, taking
advantage of the eye as an immunotolerant organ. For other
organs, allogeneic transplants from ESCs will require human
leukocyte (HLA) matching between donor and recipient to
encourage successful engraftment. To this end, an alloge-
neic, HLA-matched library of hPSCs has been proposed in
hopes of providing an ‘off-the-shelf” source of cell and tissue
grafts.!!? In contrast to ESCs, iPSCs are typically derived
from living, adult humans, for whom the major ethical con-
sideration is privacy. In the case of the RIKEN trial, the study
leaders have disclosed that allogeneic iPSCs are being consid-
ered for use in the second patient, instead of the autologous

iPSCs that failed quality control. This unexpected develop-
ment will provide an interesting side-by-side comparison of
autologous and allogeneic iPSCs. It is possible that genome
editing in ESCs or iPSCs might also enable generation of a
‘universal donor’ hPSC with increased graft immunocom-

13114 For the kidney, improved immunocompat-

patibility.
ibility, however achieved, might offer a key advantage over
the existing paradigm of allogeneic, HLA-matched organ
transplant (see Fig. 2).

For therapeutic transplantation of hPSC-derived kidney
grafts to become a reality, it will be necessary to demonstrate
that the implanted cells are functional in animals. Early studies
have suggested that transplanted fetal kidney cells may confer
benefit on mouse hosts suffering from renal insufficiency.?”11>
As the effects were modest, additional studies are required to
clearly demonstrate this, first with fetal cells, and later with
hPSC-derived NPCs. In parallel, studies demonstrating phys-
iological function of hPSC-derived tissues in vitro can provide
important preliminary validation of proposed therapeutics. For
genetic diseases, it will be important to genetically correct the
disease prior to transplantation, as demonstrated in a mouse
model of sickle cell anemia.'’® As DNA sequencing may not
correctly predict a disease-causing mutation,** the ideal assay
would be rescue of a disease-specific phenotype in cultured
lines in witro prior to implantation into human patients. Devel-
opment of phenotyping assays is therefore an important step
not only for disease modeling iz wvifro but also for the longer
term goal of transplantation of corrected organs into patients.

V. Conclusion and Outlook

Surveying the field, the use of iPSCs for disease modeling
has only scratched the surface of what is possible and what
will hopefully be achieved in the future. Many more iPSC
lines have been produced than have actually been utilized in
disease modeling experiments. This reflects the fact that con-
siderably more labor and rigor is required to identify a pheno-
type in iPSCs than to produce them. Nevertheless, once lines
are available and growing in culture, quantitative data can be
obtained rapidly. The rate-limiting step is development of an
assay/biomarker that represents the disease process and can
distinguish between mutant and non-mutant iPSCs.

For kidney disease, iPSCs present opportunities for
human disease modeling which are not currently available
using any other system. In particular, iPSCs can form well-
differentiated human epithelia in culture, including tubular
epithelial and podocyte-like cell populations. Nephron-like
organoids have been derived from iPSCs by several groups,
but the extent to which these cells truly represent the kidney,
and at what developmental stage, are critical questions which
disease modeling and nephrotoxicity approaches may play a
role in answering. Advancements in the arena of functionality
in vitro will foster more strategic and informed approaches for
transplantation of iPSC-derived tissues and development of
safe and efficacious therapeutics.
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iPS cells modeling kidney disease

Most iPSC research has focused on a relatively small sub-
set of somatic lineages and a correspondingly limited subset of
diseases. There is fertile ground here for the study of other
lineages and many more diseases. In order for iPSCs to pro-
duce clinically useful information, it is important to invest and
capitalize on this technology now and translate it into novel
biological and clinical insights. As iPSC technologies become
more mainstream, they will find their way out of laborato-
ries specializing in iPSCs and into laboratories specializing in
specific diseases. Collaborations between stem cell scientists,
geneticists, clinicians, and pathologists will result in more
specific, rapid, and effective application of iPSC technologies
for the kidney and other organs.
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