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Preface

The creation of chimeric animals and the discovery of embryonic stem cells have
had a profound effect on the study and treatment of diseases. The resulting animal
models have enabled extraordinary insights on the very beginnings of a disease that
can only be identified in its late stages in human patients. Of course, these models
have limitations, mostly being that animals and humans, while sharing a great deal
of similarities, differ in significant ways that are best summarized by Judah
Folkman’s remark, “if you have cancer and you are mouse, we can take good care
of you.”

The discovery of induced pluripotent stem (iPS) cells, specifically human iPS
cells, began a new generation of modeling that invited the opportunity to watch a
patient’s cells develop the disease phenotype in real time. Understanding how to
control the pluripotency network of a somatic cell has enabled scientists to repro-
gram easily accessible cells into those afflicted by the pathology and observing how
development differs in healthy and diseases groups and even within diseased sub-
groups. That these experiments can be done using human cells invites comparisons
with animal models and explanation as to why patients diagnosed with the same
disease respond differently to an experimental medicine.

Thus, the very first report of human iPS cells was followed by a surge not only in
research that explored the reprogramming mechanism but also in research that
sought to exploit the power of reprogramming technology for new medical applica-
tions. These applications include the study of the pathogenesis of diseases along
with new drug discoveries and cell therapies. In more recent years, the development
of complementary technologies, such as gene editing and organoids, has only added
to the expectation that iPS cells will provide solutions to what are currently intrac-
table diseases.

Accordingly, we have invited authors who view iPS cells as a tool that advances
medical treatments and use them to study disease development and generate cells
for transplantation or to find candidate compounds. We have also invited authors
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who use iPS cells to test their new technologies in gene editing, nanomachines, and
organoids. Overall, the intention of this book is to provide readers with an impression
of the reach iPS cells have in medicine and how their own research can benefit by
incorporating iPS cell technology.

Kyoto, Japan Haruhisa Inoue
Tsukuba-shi, Ibaraki, Japan Yukio Nakamura
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Chapter 1

Clinical Potential of Induced Pluripotent
Stem Cells

Peter Karagiannis

Abstract The ability to reprogram cells into induced pluripotent stem cells (iPSCs)
has given a new perspective on cellular identity and cellular development. Since the
original report of iPSCs, the range of methods and species in which iPSCs have
been achieved demonstrates a universality of the pluripotency network and its main-
tenance. From a clinical perspective, iPSCs provide a new human cell model to
study disease and innovate therapies. The reprogramming of patient cells provides
a unique human cell model to investigate pathogenesis. iPSCs have especially
strong appeal for the study of rare diseases or diseases that are normally diagnosed
at late stage. Experimental therapies and drugs based on iPSC research are now at
clinical stage. Additionally, drug repositioning using iPSC models has attracted
heavy investment from industry. Despite their potential, iPSCs have inconsistent
epigenetics with embryonic cells, which has retarded research on some cell lineages
and related diseases. Regardless, there is anticipation that a large number of dis-
eases will be treatable using iPSC-based products in the next decade.

Keywords Induced pluripotent stem cells - Disease models - Cell therapy - Drug
discovery - Drug repositioning

The creation of induced pluripotent stem cells (iPSCs) has reshaped the scientific
view on cell identity. Somatic cell nuclear transfer (SCNT) demonstrated that a
somatic cell has the potential to be reprogrammed into any cell lineage, proving that
all cell identities can be disrupted through epigenetic rewriting [1]. iPSCs revealed
which factors can initiate the pluripotency network from which all adult cells are
derived. The first cells to be successfully reprogrammed into mouse or human iPSCs
were fibroblasts [2, 3]. Using a retrovirus, the transcription factors Oct4, Sox2,
Klf4, and c-Myc (OSKM) were transiently expressed in the fibroblasts to activate
the reprogramming apparatus. The induction of OSKM initiated a series of changes
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including metabolic, morphological, transcriptional and epigenetic, that cause the
fibroblasts to function like embryonic cells. Other combinations of reprogramming
factors were shown to successfully reprogram cells to iPSCs around the same time
[4]. Since then, proteins, RNA, and even cocktails of only small chemical com-
pounds have been shown capable of reprogramming cells to iPSCs [5]. Similarly, a
number of integrative and non-integrative methods have been developed, with each
having different performance levels in terms of reprogramming efficiency and clini-
cal safety. Finally, the number of cell types and species that have been reprogrammed
has convincingly shown that the reprogramming mechanism is common in all mam-
mals [6, 7].

iPSCs represent a comparable model to embryonic stem cells (ESCs) for the
study of cell development. Because they can be generated from patients, in some
ways they surpass ESCs for the study of disease pathogenesis; accessible patient
cells can be reprogrammed and differentiated into the afflicted cells, allowing
researchers to observe in real time the cell develops the pathological state in vitro.
The first reported patient-derived iPSCs came from reprogramming fibroblasts of a
patient suffering from amyotrophic lateral sclerosis (ALS) [8]. This study showed
the iPSCs could be differentiated into motor neurons but did not confirm that the
neurons expressed the disease phenotype. This next step was demonstrated a year
later for two other neurodegenerative diseases, spinal muscular atrophy and familial
dysautonomia [9, 10]. Advances in genome editing have enhanced the use of iPSCs
for the study of diseases with clear genetic causes such as muscular dystrophy [11].
They are also resourceful for the study of complex diseases. Using iPSCs, the
Muotri Lab found that among these variants, one that disrupts the TRPC6 gene,
which had not been previously implicated in autism, results in altered neuronal
development and function [12]. Later work by the lab found a common molecular
mechanism in a cohort of patients that could make a promising drug target [13].
Some studies have indicated the degenerating cell is not the best target for interven-
tion. A study that differentiated neural progenitor cells from ALS patients into astro-
cytes and motor neurons showed astrocytes are toxic to the motor neurons [14].
Although patient iPSCs were not used in that study, such cells provide a plentiful
source of astrocytes, neurons, and other cell types including those outside neural
progenitor cell lineage for diseases caused by cell nonautonomous factors. The pro-
duction of these multiple cell lineages from iPSCs in combination with 3D organoid
technology, a topic to which another chapter of this book is devoted, has promise to
capture the influence of biochemical and biomechanical signaling of the microenvi-
ronment on the complex cellular networks responsible for many diseases [15].

1.1 Clinical Applications of iPSCs

Considering that iPSCs function as ESCs and the number of ESC-based therapies
that have reached clinical trials, there is anticipation that iPSC-based therapies will
cover if not surpass the same range of diseases [16]. The first peer-reviewed paper
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about a cell transplantation that used an iPSC product was published in 2017.
Fibroblasts from a patient suffering from age-related macular degeneration (AMD)
were reprogrammed into iPSCs, which were then differentiated into retinal epithe-
lial cell (RPE) sheets and transplanted onto one eye of the patient [17]. AMD treat-
ment makes an ideal prototype, because the eyes are relatively easy to diagnose for
side effects (including the risk of tumors, a constant concern with any iPSC-based
therapy) and because the number of cells required for the therapy is magnitudes less
than for other organs. Details of the study are discussed in Chap. 8. Here, I want to
give consideration to the implications for future iPSC-based applications.

Clinical trials that use either ESC products or autologous transplants have been
reported for AMD [18]. Autologous iPSCs offer the benefits of both, including the
ability to expand the cells indefinitely and reduce the need for immunosuppresants.
However, the expectation that autologous iPSC products will become standard
for regenerative medicine is naive, a point even the AMD iPSC study asserts. The
AMD operation was successfully done on one patient, but a planned operation on a
second patient was canceled because of mutations found in that patient’s autologous
iPSCs. There was no evidence that any of these mutations were tumorigenic.
Nevertheless, recognizing that any failures in first-generation iPSC-based therapies
could have severe repercussions on future clinical translation, the researchers
decided to use standard anti-VEGF therapy for the second patient. There remains an
argument on whether the cancelation was overly prudent, asserting a need for stan-
dard criteria to evaluate the safety of iPSC products [19, 20].

Furthermore, even safety had not been an issue, the cost and time of an autolo-
gous iPSC-based therapy are untenable. For the AMD patient that received the
autologous transplant, it took approximately 1 year for the surgery when consider-
ing the time of the fibroblast biopsy to RPE transplantation and at a cost of approxi-
mately (US) $1 million. For iPSC-based therapies to serve a wide patient population,
allogeneic iPSCs are considered a viable alternative. Preclinical studies using non-
human primate models have shown that HLA-matched allogeneic grafts in the heart
and brain perform comparably to allogeneic grafts, as good engraftment was found
several months after the transplantation and the need for immunosuppresants was
reduced [21, 22]. Yet other organs may require their own conformation. One study
found that smooth muscles derived from autologous iPSCs could provoke an
immune reaction in mice [23]. The same study found, consistent with the clinical
AMD trial, that RPE derived from autologous iPSCs did not trigger an immune
response. These results could suggest that immunogenicity depends on the cell type.
The uncertainties about the causes of the immune response elicited by an iPSC
product reiterate the need for exhaustive evaluation of iPSCs and their derivatives.

Acknowledging the shift to allogeneic sources, nations are developing stocks of
clinical grade iPSCs generated from the blood of human leukocyte antigen (HLA)
homozygous donors (Fig. 1.1). The challenge for these stocks is serving large popu-
lations. It has been estimated that lines covering the 20 most frequent haplotypes
would serve 50% of European populations but only 22% of African populations
[24]. Moreover, as the number of lines increases linearly, the number of donors that
must be screened increases exponentially. Even for Japan, which has a relatively
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Fig. 1.1 To lower the cost and time it takes for an iPSC-based therapy to reach a patient, organiza-
tions are considering stocks that distribute clinical grade allogeneic iPSCs. The iPSCs are prepared
from healthy donors with homozygous HLA so as to maximize the number of HLA-matched
patients. Stocks will have no direct interaction with the donor or patient. They will be responsible
for reprogramming the donor cells into iPSCs and evaluating safety, while third parties will collect
donor cells. Cells will be distributed to medical institutes upon request, where they will be differ-
entiated for the purposes of basic research or clinical application

homogeneous population, a bank that stores the 100 most frequent haplotypes,
which would cover over 90% of the population, would require recruiting around
100,000 candidate donors [25]. To reduce this burden, organizations developing
iPSC stocks are working with the Red Cross, bone marrow banks, cord blood banks,
and similar organizations that have extensive donor information to find homozygous
donors in an ethically approved manner [26].

In general, iPSC-based therapies are following ESC paradigms for several dis-
eases. In some cases, because ESC therapies are well ahead in clinical development,
motivation to transition to iPSC-based therapies can be questioned. On the other
hand, some therapies would benefit tremendously by the transition.

Exhaustion describes a state in which T cells can detect cancer peptides but are
unable to exert a cytotoxic effect. Studies have shown that iPSC technology can
reprogram T cells out of the exhausted state in vitro and into rejuvenated T cells.
Rejuvenated T cells behave like memory or effector T cells so that they expand and
exert cytotoxic function in response to appropriate cytokines [27, 28]. To retain
antigen specificity, only T cells with the appropriate TCR can be used for the
reprogramming, because otherwise receptor rearrangement can occur, which
would lose the peptide specificity. It has also been shown that the reprogramming
of T cells is compatible with the engineering of chimeric antigen receptors, which
were recently approved for clinical trials [29]. In principle, with better understand-
ing of lymphopoiesis, it could be possible to rejuvenate exhausted T cells into all
stages of T cell development (naive, memory, effector, etc.) for effective adoptive
cellular therapies and to rejuvenate all lymphocytes (natural kills cells, B cells,
etc.) [30].
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Donors have been providing platelets for platelet transfusion therapy for decades.
However, there is growing concern that this dependency is unsustainable.
Furthermore, some patients develop refractoriness to platelets following regular
therapy, which is why HLA-null platelets have been proposed. Erasure of HLA
would remove concern about haplotype matching and permit either ESCs or iPSCs
as the platelet source [31]. However, it was iPSC technology that was instrumental
in the creation of immortalized megakaryocyte lines (iMKLs), which were made by
transiently expressing c-Myc, BMI1, and BCL-XL in iPSCs [32]. Platelets from
peripheral blood have only a shelf life of a few days. In contrast, iMKLs can supply
platelets for nearly half a year and produce platelets upon request, greatly reducing
platelet waste. Megakaryocytes are unipotent progenitors of platelets. Therefore,
because the protocol for platelet generation requires fewer steps when the starting
source is iIMKCLSs than iPSCs, the platelet generation should be more efficient, and
the risk of contaminants should be reduced. The functionality and safety of the
platelets from iPSC-derived sources including iMKLs are satisfactory to the point
that the biggest obstacle to clinical translation is the engineering of bioreactors that
generate the requisite number of platelets for a single transfusion [33].

Because they can be made from patient cells, the benefits of iPSCs are less in
dispute for drug discovery. Prior to iPSCs, patient cells were often of little help to
drug discovery because the disease had already reached its late stage. Estimates
state that half of the afflicted cells will be lost by the time Parkinson’s disease is
diagnosed in a patient [34]. In the 10 years since the first report testing chemical
compounds on differentiated patient iPSCs, a long list of candidate drugs has been
found for neurodegenerative diseases alone [35].

In some cases, the tested candidates were not examples of drug discovery but
rather drug repositioning. Drug repositioning is estimated to cut the cost and time
of taking a drug to market to one third that for drug discovery [36]. Several exam-
ples of drug repositioning from iPSC models have been reported. The first to reach
clinical trial is ezogabine, an approved antiepileptic drug that was found to correct
deviant Kv7.2/3 potassium channel activity in motor neurons derived from ALS
patient iPSCs [37]. The anticancer drug bosutinib, an inhibitor of signaling by two
tyrosine kinases, Src and c-Abl, was also found to have positive effects on iPSC-
derived neurons from familial and sporadic patients [38]. Because sporadic ALS
makes up 90% of ALS cases, which suggests a wide range of molecular causes, it
is likely that any experimental drug will only benefit a subset of the patient popula-
tion. iPSCs provide a cheaper human model compared with animal models to test
the drug and also the opportunity to stratify patients into predicted positive respond-
ers and predicted negative responders early in the drug development. Fibrodysplasia
ossificans progressiva is estimated to inflict one of every two million people world-
wide. This disease leads to soft tissue regenerating as bone tissue following trauma
or inflammation. The excess bone growth prevents normal functions including res-
piration. Using patient iPSCs, researchers found that aberrant mTOR signaling
contributed to the disease and that rapamycin, an approved drug for immunosup-
pression, could inhibit the abnormal ossification [39]. A clinical trial based on
these findings was approved in Japan. Finally, an iPSC model for thanatophoric
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dysplasia type I, which causes severely short limbs and underdeveloped organs, led
to the discovery that statins can promote bone growth [40]. Patient iPSCs were
induced chondrogenically, and the cartilage was transplanted into mice. Cartilage
prepared from differentiation protocols that included statin in the culture showed
normal growth, whereas cartilage without statin did not. The discoveries of rapamy-
cin and statin using iPSC models have contributed to phenotypic drug screening,
which could offer a cheaper approach than targeted drug screenings for complex or
rare diseases [41]. Indeed, the statin finding was the catalyst for a massive aca-
demic-industry collaboration that aims to be a model for translating basic research
[42].

Cost reduction also comes in the form of drug toxicity studies. Many drugs that
pass preclinical tests are withdrawn due to cardiac arrhythmias. To test for toxicity,
ion channel genes are overexpressed in immortalized cell lines such as cancer cells.
iPSCs, on the other hand, enable the investigation of channel responses in patient
cells (myocytes in the case of arrhythmias) to a drug [43]. One obstacle to the full
adaption of iPSC models for drug toxicity is concern about the maturity of the dif-
ferentiated cells. Cardiomyocytes derived from iPSCs show fetal properties and
thus have different electrophysiological and morphological properties compared
with adult cardiomyocytes [44]. Another is recapitulating cellular interactions in the
heart. Proper heart function depends on a strict coordination of different cell types.
A recent study using iPSCs demonstrated that proper mixing of heterogeneous pop-
ulations could recapitulate torsade de pointes caused by ion channel blockers in 3D
cardiac sheets [45].

1.2 Obstacles to Clinical Application

iPSCs have a number of unique caveats regarding clinical application, foremost
being genomic instability. Chromosomal aberration, copy number variation, and
single nucleotide variations have all been observed in iPSCs. The reprogram-
ming itself is one possible cause, but so too are the culture duration and pre-
existing variations in the somatic cells [46]. Indeed, it has been reported that
iPSCs prepared from umbilical cord blood show less single nucleotide variations
than those prepared from adult fibroblasts [47] and that the frequency of muta-
tions in iPSCs increases with the age of the donor [48]. The above considerations
and uncertainties will delay the global use of iPSCs in the clinic, but indicate
iPSCs can be used upon proper selection and evaluation. In addition, one of the
major excitements about iPSCs as a cell therapy source is the expectation that
they will perform equally to ESCs but circumvent the need of embryo destruc-
tion. However, iPSCs have their own distinct ethical concerns. In principle, using
iPSC technology it is possible to generate clones by reprogramming somatic
cells into germ cells [50]. Much like how in vitro fertilization changed our
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mind-set of what is tolerable for pregnancy, iPSCs have the power to do the
same. Additionally, clear consent from donors is required, as suddenly any blood
donation has the potential to be used in ways that go well beyond hematological
purposes.

There are also general issues with the use of any PSCs, be they iPSCs or ESCs.
In normal development, progress from the zygote to the blastocyst involves an era-
sure of epigenetic memory. In somatic cells too, erasure of epigenetic memory must
occur for reprogramming. Both ESCs and iPSCs are expected to recapitulate all
stages of development beginning from preimplantation. Therefore, they should
faithfully mimic embryonic cells, but there is already evidence that they do not.
Pluripotency has been divided into naive and primed states, with the former defining
higher self-renewal capacity and the latter having higher sensitivity to lineage cues.
Naive pluripotent stem cells (PSCs) include mouse ESCs, and primed PSCs include
mouse epiblast stem cells (EpiSCs). Unlike mouse PSCs, human ESCs and iPSCs
have until recently only shown primed pluripotency. Naive pluripotent human PSCs
have been obtained by resetting primed PSCs in culture [51, 52], but there is increas-
ing evidence that these cells do not recapitulate the true nature of embryonic cells.
Collier et al. reported four surface markers specific to the naive state in PSCs, but
one of these, CD7, is not expressed in inner cell mass [53]. Similarly, mouse ESCs
show epigenetic aberrations from embryonic cells that put doubt into their pluripo-
tency quality [54, 55]. This deviation could explain why some cell types have proven
more difficult to derive from PSCs than others. The epigenetics could also contrib-
ute to different differentiation efficiencies between iPSC lines to specific lineages
[56, 57].

1.3 Conclusion

The shortening in time between the first SCNT amphibians and mammals [1, 58],
first mouse and human ESCs [59, 60], and first mouse and human iPSCs [2, 3]
shows Moore’s law extends to the invention of new biotechnologies that control
pluripotency. We should therefore expect a rapid surge in iPSC-based therapies in
the next several years. iPSCs present a cellular model of development that matches
ESCs in terms of function but adds a more complex topology in that cell identity is
no longer unidirectional. From a clinical perspective, iPSCs match ESCs in terms
of regenerative medicine without the same ethical controversies. Unlike ESCs,
iPSCs can be made from patient cells, providing a unique model to study disease
pathogenesis from the pluripotent state. This feature has also welcomed a new
means to study experimental compounds that can convalesce the disease state.
While further research is necessary to optimize iPSCs, they are already realizing
their promise for new insights on how diseases develop and new means for
treatment.
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Chapter 2

Disease Modeling of Hematological
and Immunological Disorders Using
Induced Pluripotent Stem Cells

Megumu K. Saito

Abstract Abnormalities in both mature hematopoietic cells and immature stem/
progenitor cells can cause various diseases. In these disorders, because of limited
availability of immature hematopoietic progenitor cells, induced pluripotent stem
cells (iPSCs) have a great advantage for establishing their disease models. In this
chapter, researches using iPSC-based disease models for hematological and immu-
nological disorders are outlined.

Keywords Hematopoietic disorders - Immunological disorders - Induced pluripo-
tent stem cells - Disease models - Hematopoietic differentiation

2.1 Introduction

Blood consists of a blood cell component and a plasma component, circulates
throughout the body, and is responsible for various functions. The blood cell com-
ponent mainly consists of erythrocytes, leukocytes, and platelets. These cells all
derive from hematopoietic progenitor cells, which themselves arise from hemato-
poietic stem cells (HSCs). Abnormalities in both mature hematopoietic cells and
immature stem/progenitor cells can cause various diseases. In hematological and
immunological disorders, it is possible to obtain patient-derived specimens such as
peripheral blood and bone marrow cells. However, the frequent collection of large
amounts of blood samples is highly invasive to the patients, and functional evalua-
tion of the cells in vitro is sensitive to the patients’ condition, such as the status of
the treatment and the cytokine milieu. Moreover, it is difficult to obtain large
amounts of HSCs or hematopoietic progenitor cells. In this way, induced pluripo-
tent stem cells (iPSCs) have a great advantage for disease models of hematopoietic
and immunological disorders. In this chapter, I will outline research using related
iPSC-based disease models (Fig. 2.1).
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Fig. 2.1 Principles of human iPSC-based hematopoietic disease modeling

2.2 Hematopoietic Differentiation for Disease Modeling

In order to construct iPSC models reflecting the clinical condition of patients, it is
necessary to differentiate iPSCs into the cell types responsible for the pathogenesis.
Therefore, the construction of a robust differentiation system is essential. Generally,
directed in vitro differentiation from pluripotent stem cells (PSCs) is organized to
follow in vivo embryogenesis [1-3]. In the case of hematopoietic cells, PSCs dif-
ferentiate into mature blood cells via primitive streak, lateral plate mesoderm,
hemato-endothelial progenitor cells, and hematopoietic progenitor cells. For this
purpose, the culture conditions should be switched at each stage.

Normally, the in vitro differentiation of PSCs leads to differentiated progenies
that exhibit immature (i.e., not adult) phenotypes. In addition, although PSCs are
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theoretically able to differentiate into all cell types, there are many cell types for
which efficient differentiation systems have not been established, with HSCs being
one example. Several recent reports have made progress in this problem, which
would advance the establishment of disease models [4-6].

Differentiation systems for hematopoietic cells can be roughly divided into two-
dimensional (2D) and three-dimensional (3D) cultures. In 2D cultures, cells are
directly adhered to cell culture dishes coated with extracellular matrix [7, 8] or on
feeder cells which support the differentiation [9, 10]. In 3D cultures, cells are sus-
pended and then aggregated to form sphere-like structures called embryoid bodies
[11, 12]. In embryoid bodies, each cell differentiates according to the culture condi-
tion and the cell’s 3D positional information. In 2D cultures, hematopoietic cells are
easily recovered because they are floating. Furthermore, 2D cultures are easy to
scale up. On the other hand, in 3D cultures, cells differentiate and proliferate auton-
omously by exchanging positional information with each other, making it possible
to create complicated organ-like structures (organoids), which may be beneficial for
maturing the cells. In other words, each culture system has its own advantages and
disadvantages and should be selected based on the purpose of the experiments.

The resulting PSC-derived hematopoietic cells can be used for functional analy-
sis, but the differentiation of PSCs is often time- and labor-intensive. Additionally,
the differentiation efficiency and the functional analysis itself can often show high
variance. To overcome these issues and stably obtain a large number of mature
hematopoietic cells from PSCs, researchers have tried to immortalize PSC-derived
hematopoietic progenitors by introducing several genetic factors [13—17]. These
immortalized progenitors can give rise to mature and terminally differentiated
hematopoietic cells that are well suited for disease modeling (Fig. 2.2).
Immortalization provides an unlimited number of functional hematopoietic cells.
This feature is especially attractive when using iPSCs derived from patients with
hematopoietic and immunological disorders, which can then be used for disease
modeling. Indeed, immortalized myeloid cells and multipotent hematopoietic pro-
genitor cells have been used to analyze and identify potential therapeutic com-
pounds [15, 18].

2.3 Disease Modeling of Hematopoietic Disorders with iPSCs

Bone marrow failure is a condition in which hematopoietic output from the bone
marrow is insufficient to maintain physiological function of the blood system. In
some cases, it is associated with a congenital dysfunction of hematopoietic differen-
tiation. Since iPSC technology can trace hematopoietic differentiation in vitro, it
can be used to study related disorders. Fanconi anemia is a congenital bone marrow
insufficiency caused by genetic abnormality in the FANC gene family, which codes
for a DNA repair enzyme [19-24]. Hematopoietic progenitor cells differentiated
from Fanconi anemia patient-derived iPSCs showed impaired hematopoietic
colony-forming ability [25, 26]. Drug screenings identified several compounds that
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Fig. 2.2 Immortalization of hematopoietic progenitor cells from human PSCs. Hematopoietic
progenitor cells can be immortalized by introducing appropriate transcription factors

improved the clonogenecity [27]. In another study, common hemoangiogenic pro-
genitor cells differentiated from Fanconi anemia patient-derived iPSCs showed
skewed differentiation toward endothelial lineage and an alteration in the gene
expression profile of hemoangiogenic progenitor cells that was associated with the
impaired hematopoietic output [28]. Similar screenings using hematopoietic pro-
genitor cells derived from the iPSCs of patients with Diamond-Blackfan anemia, a
congenital degenerative erythrocyte differentiation, have been done and showed an
autophagy-promoting compound recovers the erythroid differentiation capacity and
the expression of globin genes [3]. These data highlight the significance of iPSCs
for studying bone marrow failure associated with early hematopoietic defects [28].

Diseases caused by a metabolic dysfunction of hematopoietic cells have been
also modeled. Gaucher disease is a typical lysosomal storage disease caused by the
loss of glucocerebrosidase enzymatic activity, and it causes anemia and thrombocy-
topenia [29]. iPSCs derived from Gaucher disease patients showed skewed differen-
tiation to myeloid cells and impaired erythroid differentiation, indicating the
abnormal function of hematopoietic progenitor cells in this disease [30].

iPSC models of hematopoietic malignancies are highly useful for studying their
pathogenesis [31, 32]. Multiple iPSC clones derived from chronic myelogenous leuke-
mia (CML) blasts have been established [33]. In CML, the formation of chimeric genes
due to 9;22 chromosomal translocation is involved in the onset of the disease [34, 35].
When the iPSCs were established into CML blasts, the progeny iPSC clones carried the
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chromosomal translocation. Interestingly, undifferentiated iPSCs were insensitive to
imatinib, a therapeutic agent for CML, but the sensitivity was recovered as the cells
were differentiated into hematopoietic cells [32]. Acute myeloid leukemia (AML)
blast-derived iPSCs have also been used for disease modeling [36-38]. It was found
that AML-iPSCs lost the epigenetic signature of the original somatic cell but reac-
quired it after hematopoietic differentiation [36], indicating that an iPSC approach can
segregate genetic and epigenetic effects during leukemogenesis. Other models of
hematopoietic malignancies include an abnormal production of megakaryocytes in
familial platelet disorder with predisposition to acute myelogenous leukemia caused by
runt-related transcription factor 1 (RUNXI) mutations [39], acute lymphoblastic leu-
kemia [40], and myeloid dysfunction in juvenile myelomonocytic leukemia associated
with protein tyrosine phosphatase, non-receptor type 11 (PTPN 11) mutations [41].

Transient abnormal myelopoiesis (TAM) is a transient hematopoietic disorder
affecting about 10-20% of Down’s syndrome patients [42]. In TAM patients, abnor-
mal blastic cells transiently proliferate both in peripheral blood and bone marrow
blasts in the neonatal period, and 16-30% of TAM patients later develop acute
megakaryoblastic leukemia (AMKL). In addition to the original 21 trisomy, TAM
blasts carry a somatic GATA binding protein 1 (GATAI) mutation, and additional
genetic modifications are found in AMKL blasts [43]. Therefore, TAM/AMKL is
considered a typical model of multistage carcinogenesis. When iPSCs from TAM
blasts were established and differentiated into hematopoietic cells, their potential to
commit into erythroid lineage was severely impaired [44]. In line with this finding,
an analysis of gene expression profiles of hematopoietic progenitor cells revealed a
downregulation of erythroblast-associated differentiation genes, probably due to the
loss of GATAI function. By combining genome editing technology and iPSCs,
another group tried to identify the responsible region on chromosome 21 for the
onset of TAM [45]. By generating and phenotyping iPSC clones with partial 21
trisomy, a critical 4 Mb region of chromosome 21 that includes the RUNX1, ETS
proto-oncogene 2, transcription factor (ETS2), and ETS transcription factor ERG
(ERG) genes was identified [45]. Similar approaches have been conducted for
myelodysplastic syndrome (MDS), a preleukemic condition. iPSCs prepared from
each stage beginning at MDS progression and ending at leukemia recapitulated the
hematopoietic phenotypes at the corresponding stage, and genome editing could
resolve the pathological phenotypes [46].

2.4 Disease Modeling of Immunological Disorders
with iPSCs

Primary immunodeficiency syndromes (PIDs) are a heterogeneous group of over
130 disorders that result from defects in the development or function of the immune
system [47]. Since PIDs can be viewed as developmental defects or malfunctions in
immune cells, iPSC-based disease modeling is well suited for their study.
Furthermore, because hematopoietic differentiation into white blood cells preferen-
tially derives nonlymphoid cells such as monocytes and neutrophils, cellular defects
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are easier to model. Among the causative genes for severe congenital neutropenia
(SCN), researchers have focused on elastase, neutrophil expressed (ELANE) [48].
ELANE-mutated iPSCs showed maturation arrest of neutrophils [49, 50].
Furthermore, Wnt signaling was associated with neutrophil maturation, and mis-
localization of neutrophil elastase induced a stress response of the endoplasmic
reticulum and cell death [49, 50]. An in vitro iPSC model of SCN with HCLS]
associated protein X-1 (HAX1) gene mutation could also recapitulate the neutrophil
maturation arrest [51, 52]. Reticular dysgenesis (RD), a severe combined immuno-
deficiency disease with neutrophil maturation arrest, is caused by mutations in the
adenylate kinase 2 (AK2) gene [53, 54]. One study established a patient iPSC model
of RD, showing that AK2-deficient hematopoietic cells exhibit a reduced intracel-
lular energetic status with increased oxidative stress, which is associated with the
impaired neutrophil maturation [55]. The loss of AK2 activity is also associated
with the decrease of ATP concentration in the nucleus of hematopoietic progenitor
cells [56]. These iPSC-based findings provide unique insights into the relationship
between the intracellular bioenergetic status and hematopoietic cell differentiation.
In another PID, named Mendelian susceptibility to mycobacterial disease (MSMD),
which is caused by interferon gamma receptor 1 (IFNGRI ) deficiency, iPSC-derived
macrophages exhibited previously undescribed defective interferon signaling, pro-
viding a novel disease modeling platform [57].

Recently, PSC models of autoimmune diseases have also been established.
Autoimmune diseases are a group of diseases caused by dysregulation in acquired
immunity. It has been thought that establishing disease models of autoimmune dis-
eases using iPSCs is difficult, because multiple organs and cell types are involved in
the pathogenesis and most autoimmune diseases are not associated with a single
gene mutation. Sjogren syndrome (SjS) is an autoimmune disease associated with a
functional deterioration of glandular cells such as salivary glands and lacrimal
glands [58]. In one iPSC model of Sjogren syndrome, dendritic cells could be used
to evaluate pathological T cells [59]. iPSCs from RAS-associated autoimmune lym-
phoproliferative syndrome-like disease (RALD), which is caused by oncogenic
KRAS proto-oncogene, GTPase (KRAS) somatic mutation, have been established
[60]. These cells led to the discovery that a specific KRAS pathway is governed by
the KRAS mutant. Another group established an iPSC model of Aicardi-Gouticres
syndrome (AGS), a monogenic autoimmune disease caused by mutations in the
three prime repair exonuclease 1 (TREX1) gene [61]. Since AGS mainly affects the
central nervous system, the study focused on neural lineage cells and showed that
the accumulation of certain nucleic acids in and the secretion of neurotoxic cyto-
kines from iPSC-derived astrocytes [62].

In contrast to autoimmune diseases, autoinflammatory syndromes are defined as
disorders associated with the dysregulation of innate immunity [63]. Patients with
autoinflammatory syndrome suffer from proinflammatory symptoms, such as peri-
odic fever, skin rash, and sterile serositis [64, 65]. iPSC models of autoinflammatory
syndrome are feasible, because typical autoinflammatory disorders are monogenic,
and the cells responsible for the autoinflammation are usually innate immune cells,
which can be robustly differentiated from PSCs. Neonatal-onset multisystem
inflammatory disease (NOMID; OMIM #607715, also known as chronic infantile
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neurological cutaneous and articular syndrome (CINCA)) is a congenital autoin-
flammatory disease with severe inflammatory symptoms [66, 67]. Approximately
90% of NOMID patients carry mutations in the NLR family pyrin domain contain-
ing 3 (NLRP3) gene either as a constitutive mutation [68, 69] or somatic mosaicism
[70, 71]. Because each iPSC clone is derived from a single somatic cell [72], the
establishment of iPSCs from mosaic patients enables the obtainment of both wild-
type and mutant clones from an identical genetic background. Indeed, an iPSC
model of NOMID in which iPSCs were established from two mosaic patients suc-
ceeded to recapitulate distinct proinflammatory phenotypes in mutant iPSC-derived
macrophages [73]. In another NOMID-iPSC model, iPSCs were established from a
NLRP3-mutation-negative patient [74]. Interestingly, some iPSC clones showed
proinflammatory phenotypes while others did not. Whole exome sequencing of the
iPSC clones identified a mutation in the NLR family CARD domain containing 4
(NLRC4) gene only in diseased clones, indicating the patient had a somatic disease-
causing NLRC4 mutation. This case is the first report in which iPSC technology
played an essential role in identifying the precise genetic background of a patient.

In another autoinflammatory syndrome named Blau syndrome, which is caused
by mutations in the nucleotide-binding oligomerization domain-containing protein
2 (NOD2) gene [75, 76], a phenotype analysis of iPSC-derived monocytic cells
identified a novel signaling pathway that evokes a proinflammatory response in
mutant cells [77].

Some autoinflammatory syndromes are caused by the dysregulation of the pro-
teasome complex and therefore named proteasome-associated autoinflammatory
syndrome (PRAAS) [78, 79]. PRAAS patients show an upregulation of the inter-
feron signature with characteristic phenotypes. An iPSC model of Nakajo-Nishimura
syndrome (NNS), a member of PRAAS, has been established [18]. Here, mutant-
iPSC-derived monocytic cells secreted increased amounts of inflammatory cyto-
kines and chemokines, which was associated with increased oxidative stress. These
studies show the validity of iPSC models for dissecting the pathogenesis and under-
standing the pathophysiology of autoinflammatory syndromes.

2.5 InVitro Modeling of Gene Therapy Using iPSCs

Research on gene therapies using iPSCs for hematological and immunological dis-
orders have also been conducted. Here, a gene therapy is applied to patient-derived
iPSCs, and HSCs induced from the treated iPSCs are transplanted to the patient.
The first example of iPSC-based gene therapy was reported by Hanna et al. [80]. In
that study, iPSCs were established from mice with sickle cell anemia. The hemoglo-
bin beta chain complex (Hbb) gene of the iPSCs was repaired, and the cells were
then differentiated into hematopoietic progenitor cells, which were transplanted
into diseased mice, which ameliorated the anemia. This study demonstrated the
significance of autologous cell transplantation therapy using gene-repaired iPSCs.
Furthermore, the recent evolution of genome editing technology using sequence-
specific nucleases such as clustered regularly interspaced short palindromic
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repeats-caspase 9 (CRISPR/Cas9) [81, 82] and transcription activator-like effector
nucleases (TALENS) [83, 84] has enabled gene targeting in PSCs that is easier and
more efficient. By combining genome editing technology and iPSC technology,
now one can generate gene-corrected somatic cells of higher quality.

For iPSC models of hereditary anemia, repair of the § globin gene using sequence-
specific nuclease technology has been reported [85-87]. In the case of X-linked
severe combined immunodeficiency syndrome (SCID-X1), a PID in which gene
therapy has already taken place [88, 89], the interleukin 2 receptor subunit gamma
(IL2RG) gene in iPSCs established from a X-SCID patient was repaired by genomic
editing technology [90]. The in vitro differentiation of repaired iPSCs showed
recovery of the differentiation capacity for natural killer cells [90]. Another example
is the correction of pyruvate kinase L/R (PKLR), a causative gene of pyruvate kinase
deficiency [91, 92]. Genetic correction of the PKLR gene using TALENs recovered
the energy metabolism of iPSC-derived erythroid progenitor cells, providing a proof
of principle of gene therapy for metabolic erythroid disorders [90]. Similar gene
therapy models using disease-specific iPSCs derived from patients with chronic
granulomatous disease, a typical disorder of phagocytic dysfunction, were also pro-
posed [93-95]. Although most of these studies showed the recovery of pathological
phenotypes only in in vitro assays, they clearly showed the proof of concept of
future strategy for gene-targeted cell therapy based on iPSC technology.

2.6 Conclusion

Disease-specific iPSCs have allowed scientists to reproduce disease phenotypes
in vitro in human cells. Furthermore, iPSCs have helped clarify the molecular mecha-
nisms of various hematopoietic and immunological disorders and advanced relevant
drug discovery. Continuous developments in iPSC technology are expected to elabo-
rate and expand current research for more detailed understanding of the pathology,
faster drug discovery and repositioning, and more reliable toxicity assays. Overall,
the development of novel therapeutic approaches from iPSC-based research will have
tremendous benefits for patients with hematopoietic and immunological disorders.
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ing the manuscript.
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Chapter 3 )
iPS Cell Technology for Dissecting Cancer  <ie
Epigenetics

Hirofumi Shibata and Yasuhiro Yamada

Abstract A dynamic reorganization of epigenetic regulation takes place during
cellular reprogramming. Given that reprogramming does not require changes in the
underlying genome information, reprogramming technology can be used to actively
modify the epigenetic regulation and thus is useful for studying the genome-
epigenome relationship. Cancer cells harbor both genetic and epigenetic alterations.
Although the causal role of genetic aberrations on cancer development has been
well characterized by reverse genetics in vivo, the impact of epigenetic abnormali-
ties remains to be fully understood, especially in vivo. Recent genome-wide
sequencing studies have identified frequent mutations at epigenetic modifier genes,
thus indicating that epigenetic alterations in cancer could be the consequence of
genetic mutations. However, recent studies that utilized reprogramming technology
for cancer research have demonstrated cellular context-associated epigenetic regu-
lation that is independent of genetic mutations and plays a critical role on both the
development and maintenance of cancer cells. In this review, we propose that repro-
gramming technology could be a powerful tool for dissecting the role of epigenetic
regulation in cancer biology.
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Abbreviations

AML Acute myeloid leukemia

DMRs Differentially methylated regions
ESCs Embryonic stem cells

GBM Glioblastoma

iPCCs Induced pluripotent cancer cells
iPSCs Induced pluripotent stem cells
LOH Loss of heterogeneity

NT-ESCs  Nuclear transferred embryonic stem cells
PDAC Pancreatic ductal adenocarcinoma
PRC2 Polycomb repressive complex 2
ROS Reactive oxygen species

RTCs Reprogrammed tumor cells

SAM S-adenosylmethyonine

SCNT Somatic cell nuclear transfer
TPCs Tumor-propagating cells

3.1 Epigenetic Alterations in Cancer

It is known that an accumulation of genetic mutations causes the development of
cancer [1, 2]. Indeed, genome-wide sequencing analyses have unveiled a number of
oncogenic mutations in various types of cancer. Studies using reverse genetics have
revealed the functional significance of oncogenic mutations by introducing these
mutations in rodents and reporting the development of cancer types seen in human
patients. However, in addition to genetic aberrations, many studies have revealed
that cancer development is accompanied by epigenetic modifications that differ
from those in normal cells [3-5].

Various types of cancers harbor epigenetic alterations including aberrant DNA
methylation and altered histone modifications. Epigenetic changes in human cancer
were first described as a reduction of global DNA methylation levels [6]. Particularly,
repeat sequences that are heavily methylated in normal cells are often hypomethyl-
ated in cancer cells. Mechanistically, such hypomethylation has been connected
with genomic instability. Embryonic stem cells (ESCs) deficient for Dnmt1, a main-
tenance DNA methyltransferase, exhibit genome-wide hypomethylation and even-
tually show chromosomal instability and elevated mutation rates [7]. In addition,
forced reduction of genome-wide DNA methylation using Dnmtl hypomorphic
alleles in mice promotes chromosomal instability and accelerates T-cell lymphoma
development as well as sarcoma formation in NfI/p53 compound mutant back-
ground [8, 9]. Collectively, these studies suggest that a genome-wide reduction in
DNA methylation promotes cancer development through genomic instability.
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In contrast to the above cancer-promoting effects, reduced DNA methylation has
been reported to suppress cancer development in other contexts. A forced reduction
of DNA methylation by the heterozygous Dnmtl mutation in conjunction with
5-aza-2'-deoxycytidine treatment efficiently suppressed the development of intesti-
nal tumors in Apc™™* mouse model [10]. Additionally, opposing effects of reduced
DNA methylation have been demonstrated in the same Apc™"* mouse. Namely, a
reduction of DNA methylation in Apc™™* mice suppressed macroscopic colon
tumors but promoted the development of early microscopic lesions (microadeno-
mas) in the colon and induced liver tumors [11]. Microadenomas in DNA-
hypomethylated Apc™™* mice often showed a loss of heterogeneity (LOH) in Apc
locus, which supports the notion that the chromosomal instability caused by the
reduced DNA methylation promoted microadenoma formation. In contrast, a recent
study showed that DNA hypomethylation-mediated suppression of colon tumori-
genesis is associated with the induction of differentiation in colon tumor cells
through the upregulation of Cdx/ and Cdx2 genes, which are key transcription fac-
tors in intestinal differentiation [12]. All together, these studies suggest that altered
DNA methylation works differently depending on the cellular context and stage of
tumorigenesis.

It has also been reported that conditional deletion of Dnmit3b, a de novo DNA
methyltransferase, inhibits the development of intestinal tumors, while the forced
expression of Dnmt3b promotes the development of colon tumors [13, 14], indicat-
ing that de novo DNA methylation plays a role in the promotion stage of colon
tumorigenesis. However, the precise mechanisms for how de novo methylation pro-
motes tumorigenesis remain unclear.

It is expected that aberrant de novo methylation results in DNA hypermethyl-
ation. Notably, DNA hypermethylation has been observed in the promoter region of
CpG islands of tumor suppressor genes [15], such as APC, p16 ink4A, BRCA1, and
RB, and associated with the promotion of cancer development [16—18]. The current
consensus holds that DNA hypermethylation promotes cancer development through
the aberrant silencing of various tumor suppressor genes in diverse cancer types.

Abnormal epigenetic modifications are similarly observed at differentially meth-
ylated regions (DMRs) of imprinted genes, which are expressed in a parent-of-
origin-dependent manner. Among them, aberrant DNA hypermethylation at
IGF2-HI9 locus is often observed in various types of childhood cancers such as
Wilms’ tumor, rhabdoid tumor, and hepatoblastoma [19-21]. H/9 DMR hyper-
methylation results in the biallelic expression of IGF2, resulting in an increased
dosage. In normal tissue, the proper expression of /GF2 is important for balance
between the proliferation and the differentiation of tissue stem/progenitor cells, thus
suggesting that increased /GF2 seems to be tightly connected with cancer initiation
and progression. Indeed, patients of Beckwith-Wiedemann syndrome with biallelic
expression of IGF2 gene often exhibit a substantially increased risk of cancer
including Wilms’ tumor development, indicating the causal relationship between
epigenetic dysregulation and augmented risk of cancer [22].
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3.2 Cause of Epigenetic Alterations in Cancer

3.2.1 Gene Mutations at Epigenetics-Related Genes

Recent genome-wide sequencing studies have elucidated that epigenetic modifier
genes are often mutated in various types of cancers [23, 24]. For example, genes
which encode components of SWI/SNF chromatin remodeling complexes are often
mutated in cancers. Among them, the deletion of SMARCBI is related to pediatric
rhabdoid tumor [25, 26], which exhibits defects in cellular differentiation, suggest-
ing that aberrant chromatin remodeling causes cancer development, presumably
through impaired differentiation. Another member of SWI/SNF chromatin remodel-
ing complexes, AT-rich interaction domain 1A (ARIDIA), is mutated in over half of
ovarian clear cell carcinomas [27, 28]. In addition, DNMT3A, a de novo methyltrans-
ferase gene, is frequently mutated in acute myeloid leukemia (AML) and T-cell lym-
phoma [23, 29]. Notably, patients with DNMT3A mutation have poor prognosis in
AML and T-cell lymphoma [30], thus indicating that DNMT3A mutation has prog-
nostic value. On the other hand, TET2, which is associated with ShmC production
and DNA demethylation, is recurrently mutated in myeloid malignancies and other
hematological disorders [31]. Both activating and inactivating mutations of EZH2,
which encodes a catalytic subunit of polycomb repressive complex 2 (PRC2), have
been identified in certain types of cancers [32-34]. Collectively, emerging evidence
in cancer genome sequencing analyses has revealed the substantial impact of genetic
mutations on altered epigenetic modifications across diverse cancer types (Fig. 3.1).
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Fig. 3.1 Cause of epigenetic alterations in cancer
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3.2.2 Environmental Factor-Mediated Modulation
of Epigenetic Landscape

In addition to genetic aberrations, environmental factors also affect epigenetic mod-
ifications. Nutrition is one example that influences epigenetic modifications.
S-adenosylmethionine (SAM), which works as a methyl donor when DNA and his-
tone are replicated, is synthesized through a carbon metabolism pathway that con-
sists of folic acid, methionine, and vit B12. Defects in the supply of folic acid are
thought to affect the availability of methyl groups for DNA methylation. An experi-
mental mouse study indicated that folate depletion during pregnancy and lactation
period causes persistent DNA hypomethylation in the small intestine even in adults,
and that this effect is not modulated by folate supply after weaning, indicating the
memory of epigenetic abnormalities [35]. In addition, adequate folic acid supple-
mentation during maternal but not postweaning significantly reduced the incidence
of colorectal cancer, which is accompanied by increased global DNA methylation
levels [36]. These data suggest that nutrition affects epigenetic modifications that
are associated with cancer development (Fig. 3.1).

Recent studies have also suggested that aging and cellular senescence could
influence epigenetic modifications (Fig. 3.1). Early studies observed a progressive
depletion of SmC in senescent fibroblasts and aged tissues [37, 38]. Intriguingly,
in a study of human monozygotic twins, significant DNA methylation discordance
was observed at multiple loci in older twin pairs [39], which indicates that aging
in different environments can cause distinct epigenetic modifications even under
the identical genetic background. In relation to cancer, intestinal mucosa acquires
remarkable hypermethylation in the promoter region of /GF2 imprint gene during
aging and carcinogenesis, which provides a potential link between aberrant meth-
ylation and aging-associated disease [40, 41]. Together, genome-wide studies in
aged cells have elucidated a stochastic modification of DNA methylation that
reflects an imperfect maintenance of epigenetic marks. Therefore, it is possible
that epigenetic mosaicism in aged stem cells may potentially decrease tissue plas-
ticity and induce focal proliferative lesions that have a higher risk for cancer
development [42].

Chronic infections and inflammations too have been indicated to promote can-
cer development. Helicobacter pylori infection, which is closely associated with
gastric cancer development in both humans and rodents, causes abnormal DNA
methylation in the CpG islands of various genes, including p/6 ink 4A tumor sup-
pressor gene [43] (Fig. 3.1). In addition, chronic inflammation in patients with
ulcerative colitis or Barrett’s esophagus, who have an increased risk for cancer
development, causes higher methylation levels at the CpG island of p16 ink 4A and
RUNX3 genes [43, 44].

It has been shown that reactive oxygen species (ROS) are key signaling mole-
cules in inflammation-associated diseases. Notably, ROS and cytokines induce
epigenetic abnormalities. ROS-mediated damage of DNA/chromatin recruits the
silencing protein complex, which is composed of DNMTI, DNMT3, and
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polycomb-related proteins. The complex induces epigenetic silencing including
aberrant methylation at the CpG island and affects gene expression profiles [45].
Notably, these epigenetic alterations are similarly observed in cancer cells, sug-
gesting that environmental factor-mediated epigenetic alterations may contribute
to cancer development [46]. Considering that these environmental factors are
independent of genetic abnormalities in cancer cells, such epigenetic alterations
could be bona fide abnormalities that promote cancer development. However,
given that genotype is tightly coupled with epigenotype, direct evidence for the
role of environmental factor-mediated epigenetic alterations on cancer develop-
ment is limited, especially in vivo.

3.3 Relationship Between Reprogramming and Cancer
Development

The landmark study by Takahashi and Yamanaka revealed that certain transcription
factors that are highly expressed in ESCs confer the gene expression profiles and the
epigenetic landscape of pluripotent stem cells on differentiated cells. The transient
induction of reprogramming transcription factors (Oct3/4, Sox2, KIf4, and cMyc)
was able to convert somatic cells to ESC-like induced pluripotent stem cells (iPSCs)
[47, 48]. It is interesting to note that the reprogramming process toward the pluripo-
tent state shares a number of properties with oncogenic transformations, including
the acquisition of self-renewing potential and the loss of original somatic cell iden-
tity. In addition, the acquisition of stem cell properties is often observed during
carcinogenesis in many organs. The initial event of somatic cell reprogramming
includes a loss of the cellular identity that is stably maintained through an epigen-
etic mechanism in the original somatic cells [49, 50]. Similarly, oncogenic transfor-
mation is often accompanied by a loss of cellular identity of the cell of origin or by
dedifferentiation. Notably, the degree of dedifferentiation is often correlated with a
worse outcome of the disease [51].

It has been shown that some cancers express higher levels of reprogramming
factors and that each reprogramming factor has functions related to cancer develop-
ment. c-Myc is known to be a major oncogene in various types of cancer. The tumor-
igenic role of Oct3/4 was described in germ cell tumors [52]. In addition, the ectopic
expression of Oct3/4 resulted in the expansion of progenitor cells and led to a
cancer-like phenotype in mouse epithelial tissue in vivo [53]. Overexpression of
Nanog promotes breast cancer tumorigenesis in conjunction with Wnt signaling in
mouse mammary glands [54]. Similarly, Sox2 is frequently overexpressed in various
types of cancers including esophagus cancer. Moreover, Sox2 controls the tumor
initiation and stemlike function of squamous cell carcinomas [55]. Taken together,
these results suggest that overexpressed reprogramming factors may initiate and/or
promote cancer through the reprogramming of somatic cells into a progenitor-like
state.
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3.4 Application of Reprogramming Technologies for Cancer
Research

3.4.1 Cancer Cell Reprogramming

As mentioned above, many cancers harbor gene mutations in epigenetic modifier
genes. In addition, given that transcription factor-mediated gene regulations are
tightly connected with epigenetic modifications, an altered transcriptional network
caused by genetic mutations may affect epigenetic modifications in cancer cells. As
a result, the majority of epigenetic alterations in cancers could be the consequence
of dysfunctional epigenetic modifiers and/or an altered transcriptional profile that
are caused by genetic abnormalities. It remains unclear whether bona fide epigene-
tic abnormalities have a causal impact on cancer development.

Reprogramming technologies can induce the reorganization of gene regulatory
systems and cause alterations in somatic cell fate. Therefore, these technologies
could be used to actively alter epigenetic regulations while preserving genomic
information. Indeed, taking advantage of reprogramming technology, previous
studies have revealed the importance of epigenetic regulation in cancer develop-
ment, as described below.

The first studies that reprogrammed a mammalian cancer nucleus did so by
somatic cell nuclear transfer (SCNT). Notably, oocytes that received cancer nuclei
were subsequently able to form a blastocyst-like structure [56, 57]. These studies
suggested that some cancer nuclei are permissive for the initial development of
cancer, indicating plasticity of the cancer cell genome. Moreover, it was possible to
establish NT-ESCs from cloned blastocyst using HRAS-induced melanoma nuclei
[57]. Consist with the notion that cellular reprogramming preserves genomic infor-
mation of the original cells, melanoma NT-ESCs harbor genetic abnormalities com-
mon with the parental melanoma cells. Although melanoma NT-ESCs were able to
contribute to adult chimeric mice, these mice developed secondary melanoma with
a shorter latency and a higher penetrance than the original melanoma model
(Fig. 3.2). Secondary melanoma development even after reprogramming into the
pluripotent stem cell state highlights the significance of genetic abnormalities in
cancer development.

3.4.2 Cell-Type-Specific Carcinogenesis

Each cancer type is often associated with mutations at a specific set of genes. For
example, KRAS mutation is frequently detectable in pancreatic ductal adenocarci-
noma, and HER?2 amplification is preferentially observed in breast cancers. In addi-
tion, familiar adenomatous polyposis patients show a mutation at the APC gene and
develop cancers predominantly in the colon, even though APC mutation is present
in cells throughout the patient’s whole body [58]. These observations suggest that
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Fig. 3.2 Application of reprogramming technologies to cancer research. (/) SCNT has been used
to reprogram a cancer nucleus in order to establish NT-ESCs. Note that melanoma NT-ESC chime-
ric mice developed secondary melanomas with shorter latency, which highlights the importance of
genetic abnormalities. (2) BRAF-mutated mouse melanoma cells were reprogrammed into induced
iPCCs. iPCCs showed impaired tumorigenic potential when they were differentiated into mesoder-
mal lineage, which suggests the importance of the cellular context, which is mainly governed by
epigenetic regulation, on cancer development. (3) Human cancer cell-derived iPSCs may be a
unique platform to evaluate the process of carcinogenesis in vivo. Pancreatic cancer progression
was recapitulated in teratomas. (4) Direct reprogramming by the transient expression of transcrip-
tion factors induced tumor-propagating cancer cells from differentiated cancer cells. This finding
suggests that heterogeneity within a tumor mass and the cancer propagation potential could be
governed by epigenetic regulation

the genetic mutations require a specific cellular context in order to exhibit cancer-
initiating properties and that cell-type-associated epigenetic regulation may influ-
ence tumorigenesis. Similarly, the differentiation status determines responses to
MYC expression in osteosarcoma cells, suggesting that cellular differentiation-
associated epigenetic regulation affects cancer development. Consistent with this
idea, differentiation-inducing therapy successfully causes the regression of some
tumors, such as all-trans retinoic acid treatment in acute promyelocytic leukemia
patients [59]. Given that somatic cells are reprogrammable into iPSCs that are capa-
ble of redifferentiating into multiple cell types through global reorganization of the
epigenetic regulation, cancer cell reprogramming technology is applicable to study
the relationship between cell-type-associated epigenetic regulation and the cancer
genome.

Indeed, CML-derived human iPSCs are insensitive to tyrosine kinase inhibitors
that target BCR-ABL despite the cells expressing BCR-ABL gene. Intriguingly, drug
sensitivity was found when CML-iPSCs were differentiated into hematopoietic
cells [60]. Given that iPSCs and hematopoietic lineage cells share the same genetic
context, these results strongly indicate that drug sensitivity in CML depends on the
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cell-differentiation status governed by epigenetic regulation. Similarly, an experi-
mental study using induced pluripotent cancer cells (iPCCs) from BRAF Yo"E-
mutated melanomas showed that iPCC-derived progeny displays an increased
resistance against MAPK-targeted therapies despite these cells harboring the same
BRAF mutation and signaling activities as paternal melanoma cells [61]. The study
also showed iPCCs acquired non-tumorigenic traits after differentiation, suggesting
that the tumorigenic potential is affected by the cellular context, which again is
mainly governed by epigenetic regulation (Fig. 3.2).

A recent study using Apc™™* mouse model containing a reprogramming system
[62] also provides in vivo evidence for the critical role of the cellular context on the
cancer genome. In that study, reprogrammed tumor cells (RTCs) were established
from macroscopic colon tumor cells in Apc™™* mice by inducing reprogramming
factors. Notably, the majority of genes that were affected by Apc mutation in RTCs
did not overlap with genes affected by Apc mutation in differentiated intestinal epi-
thelial cells. This result further supports the notion that cell-type-associated epigen-
etic regulation plays a critical role on the effects of genetic mutations.

3.4.3 Recapitulation of Human Cancer Progression In Vivo

Mouse models harboring specific oncogenic mutations have been used to investi-
gate the effects of genetic mutations on cancer development. However, biological
differences between humans and rodents may interfere with complete understand-
ing of cancer development in humans. iPSCs derived from human cancer cells offer
an alternative model for human cancer development. One study successfully estab-
lished iPSC-like cells from human pancreatic ductal adenocarcinoma (PDAC) har-
boring KRAS mutation, which can be maintained under the low-level expression of
exogenous reprogramming factors. Importantly, PDAC-derived iPSC-like cells
were capable of differentiating into the three germ layers, suggesting that they have
pluripotency [63] (Fig. 3.2). Interestingly, in teratomas from PDAC-derived iPSCs,
the sequential progression of PDAC through pancreatic intraepithelial neoplasia, a
precancerous lesion, was observed. These results suggest that cancer-derived iPSCs
may be a unique platform for investigating human cancer progression in vivo,
although further investigation is needed to expand this approach to other cancer

types.

3.4.4 Hierarchy of Heterogeneous Cancer Cells

During mammalian development, cell fate decisions are dictated by coordinated
regulation of tissue-specific master transcription factors and underlying epigenetic
modifications. In addition, it is well established that epigenetic regulation during
cell fate determination can be overridden by the artificial induction of core
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transcription factor cocktails, which was demonstrated by the derivation of iPSCs or
by the induction of direct lineage conversion [47, 48]. Somatic stem cells have the
ability to initiate the tissue-specific hierarchical differentiation that causes tissue
heterogeneity. Certain malignant tumors also have cellular hierarchies and contain
tumor-propagating cells (TPCs). In glioblastomas, a subset of stemlike TPCs
appears to drive tumor progression and is suggested as causative for therapeutic
resistance. Notably, a core set of neurodevelopmental transcription factors
(POU3F2, SOX2, SALL2, and OLIG2) is essential for glioblastoma (GBM) propa-
gation [64] (Fig. 3.2). Moreover, forced but transient expression of the transcription
factor cocktail converted differentiated GBM cells into TPCs. This study indicated
that intra-tumoral heterogeneity and TPC properties are regulated by an epigenetic
landscape and also suggested that TPC properties are not determined by genetic
information in glioblastomas. Similarly, human melanoma cells revealed profound
transcriptional variability at the single-cell level that causes resistance to chemo-
therapy [65]. Notably, there were no genetic differences among observed melanoma
cells, but there was transcriptional variability, indicating the involvement of epigen-
etic dysregulation in the heterogeneity of cancer cells.

3.5 Cancer Research Using In Vivo Reprogramming
Technology

Considering the number of shared aspects of the reprogramming process and cancer
development, which include the acquisition of self-renewal capacity and impaired ter-
minal differentiation, reprogramming technology in vivo may provide a unique experi-
mental platform to elucidate the impact of epigenetic regulation on cancer development.
The implication of in vivo reprogramming was first shown as teratoma formation in
mice containing lentivirus-mediated transgenic alleles for doxycycline (Dox)-inducible
reprogramming factors [66, 67]. These transgenic mice often developed teratomas
containing differentiated cells of the three germ layers, presumably because of leaky
expressions of the reprogramming factors. These observations suggested that differen-
tiated somatic cells can be reprogrammed into the pluripotent state in vivo.

Ohnishi et al. generated in vivo reprogrammable mice in which reprogramming
alleles are targeted into fixed loci and the expression of reprogramming factors can
be visualized by mCherry fluorescence [68] (Fig. 3.3). In this system, a 28-day
induction of reprogramming factors resulted in teratomas that contained iPSCs in
various organs, indicating successful reprogramming in vivo. In contrast, a shorter
transient induction of the reprogramming factors often caused reversible dysplastic
lesions in the pancreas, liver, and intestine, reflecting the existence of epigenetic
memory in somatic cells. Surprisingly, these mice showed irreversible cancer devel-
opment in multiple organs after a prolonged (1 week) but transient expression of
reprogramming factors (Fig. 3.3). Despite the absence of mCherry expression, the
cancer cells exhibited self-renewing and invasion capacity. Notably, cancers in the
kidney resembled Wilms’ tumor, which is one of the most common kidney cancers
of children. These kidney cancers showed traits that were intermediate between



3 iPS Cell Technology for Dissecting Cancer Epigenetics 39

In vivo reprogramming

Dox treatment

2-3 days 1 week Over 1 week

Pluripotency -

Reprogrammable mice ) ‘ | | ‘ ‘
mee ) G) 4

No genetic Aberrant Normal kidney Wilms’ tumor-like iPSCs/Teratoma
fransformation - DNAmethylation ) ziqenetic memory)  cancer  (Complete reprogramming)

{ )

Fig. 3.3 Cancer research using in vivo reprogramming technology

differentiated normal kidney cells and pluripotent stem cells, suggesting a partial
reprogramming state. Consistently, these cancers exhibited an activation of ESC-
CORE and ESC-MYC modules, which indicates partial acquisition of the
pluripotency-related transcription network. Although W77 and WTX genes are
mutated in a subset of human Wilms’ tumors, recent whole-genome sequencing
analyses revealed that several cases show no recurrent mutations at oncogene-related
genes [69]. Importantly, the absence of recurrent mutations was reported in other
childhood cancers. Given that cellular reprogramming does not require any particu-
lar genetic alterations, it is possible that the development of some childhood cancers
may mainly depend on epigenetic dysfunction rather than genetic abnormalities.

3.6 Technical Problems in the Application
of Reprogramming Technology to Cancer Research

It is widely accepted that cancer cells are refractory to cellular reprogramming.
Particularly, it is known that the establishment of iPSCs from cancer cell lines is
extremely difficult, suggesting that strong selection may occur during the repro-
gramming of cancer cells. In addition, cancer-related genetic mutations may have
positive or negative effects on cellular reprogramming. For example, 7P53 inactiva-
tion is reported to have a positive effect, whereas silencing of Ink4a/Arflocus has a
rate-limiting effect on iPSC derivation [70, 71]. Considering that cellular repro-
gramming is a cloning process, these facts raise the possibility that iPSCs derived
from cancer cells may have a selected genetic landscape during the iPSC derivation.
It is necessary to carefully consider such possibilities when interpreting the results
obtained with cancer-derived iPSCs.
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3.7 Future Perspective

Accumulating evidence suggests that epigenetic dysfunction has a causal impact on
cancer development. Although the majority of cancers display genetic abnormali-
ties, cancer reprogramming technology has revealed cell-type specificity of cancer
development and highlighted the importance of coupling between cellular context
and epigenetic regulation. Moreover, this technology has provided in vivo proof of
concept for epigenetics-driven cancer development. It is noteworthy that repro-
gramming is a stepwise process. In the initial phase of reprogramming, a loss of
cellular identity occurs, which is characterized by the repression of somatic enhanc-
ers. Subsequently, gradual activation of the pluripotency signature occurs without
affecting genomic information [49, 50]. Notably, these processes are similarly
observed in a subset of cancers, which raises the possibility that common machinery
is involved in both reprogramming and the multistep progression of cancer.
Collectively, in vivo reprogramming technology holds promise to elucidate the role
of bona fide abnormalities in epigenetic regulation on the stepwise development of
cancer. Future investigations with this novel epigenetics-editing technology will
bring us an innovative perspective on the importance of epigenetic regulation in
cancer development in vivo. Recently, more advanced technologies were developed
to alter locus-specific epigenetic modifications [72, 73]. Targeting bona fide epigen-
etic abnormalities with various epigenetics-editing technologies may provide a
novel and efficient strategy to treat cancer patients.

Mutations of epigenetic modifier genes are often observed in various types of
cancers. Nutrition status, aging/senescence, and chronic infection/inflammation
also affect epigenetic regulation. Epigenetic changes caused by these factors have
been implicated in cancer development.

In vivo reprogramming technology revealed the importance of epigenetic regula-
tion on cancer development. Chimeric mice in which reprogramming factors can be
induced developed iPSCs/teratoma after Dox treatment for 1 month. In contrast,
premature termination of in vivo reprogramming caused the development of kidney
cancers thatresemble Wilms’ tumor. These observations suggest that reprogramming-
related epigenetic dysregulation may induce some types of cancer development.
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Chapter 4
Recapitulating Hematopoietic
Development in a Dish

Kim Vanuytsel, Martin H. Steinberg, and George J. Murphy

Abstract The ability to generate patient-specific, induced pluripotent stem cells
(iPSCs) together with the advent of gene-editing technologies has opened up a
realm of opportunities for disease modeling, gene correction, and regenerative med-
icine applications aimed at better understanding and treating hematological disor-
ders. The widespread use of reprogramming and gene-editing techniques has
resulted in fine-tuning of these technologies to the point where they are an integral
part of molecular biology research toolkits. The challenge remaining at this point is
to achieve efficient and robust differentiation of pluripotent stem cells (PSCs)
toward blood cells that resemble their in vivo counterparts. Here we provide an
overview of our current understanding of in vivo hematopoietic development and
how that has been used as a roadmap to guide in vitro hematopoietic development.
We discuss recent advances and limitations encountered when recapitulating hema-
topoietic development in vitro. Finally, we highlight examples of how patient-
specific iPSCs have been successfully used for the modeling of hematological
disorders and how they have played a prominent role in uncovering pharmacologi-
cally targetable disease mechanisms.
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4.1 Introduction

The discovery that somatic cells can be reprogrammed into a pluripotent state has
opened up tremendous opportunities for disease modeling and regenerative medi-
cine. The ability to generate patient-specific, induced pluripotent stem cells (iPSCs)
has enabled the study of a wide range of blood disorders in the exact genetic back-
ground of the patient. Parallel advances in gene-editing technology allow for the
elimination of disease-causing mutations at the pluripotent stage, permitting the
study of syngeneic, corrected lines and the rigorous validation of genetic modifica-
tions before the cells are differentiated into relevant cell types and potentially
returned to the patient. Red blood cells and platelets, the affected terminally differ-
entiated cells of hemoglobinopathies and thrombocytopenias, are excellent candi-
date cell types for such an approach as both are devoid of a nucleus, reducing the
chance of downstream oncogenic transformation events due to genetic manipula-
tion. Moreover, unmanipulated iPSC-derived erythrocytes and platelets have the
potential to overcome the current shortage of donors as well as compatibility issues
that arise with transfusion. Another very promising cell type for regenerative medi-
cine is hematopoietic stem cells (HSCs) as they can functionally reconstitute the
entire hematopoietic system of a recipient following transplantation [1]. This
remarkable potential makes HSC transplantation an effective therapy for the treat-
ment of hematological disorders [2] and puts the derivation of HSCs from iPSCs at
the center of intense research efforts.

Critically, advances in disease modeling and potential regenerative medicine
applications depend on how accurately the process of blood cell formation can
be recapitulated in vitro as the resulting cells must match the characteristics and
functional potential of naturally derived, postnatal blood cells. Significant prog-
ress has been made in elucidating the molecular signals that drive blood cell
formation in the developing embryo. These developmental cues have subse-
quently been used as a roadmap to guide in vitro differentiation from pluripo-
tent stem cells (PSCs). At the same time, studying hematopoietic ontogeny
in vitro using human PSCs has provided insights into in vivo hematopoietic
development, illustrating the value of PSCs for answering basic research ques-
tions, especially when limited accessibility of the earliest developmental stages
in human hematopoietic development hampers the in-depth study of critical
processes.

In this review, we will first discuss the current understanding of in vivo hema-
topoietic development. Next, the extent to which hematopoietic differentiation
from PSCs recapitulates in vivo development will be discussed, including recent
advances in the field. Here, challenges associated with the de novo generation of
HSCs in culture and the determination of the developmental time frame of pro-
duced cells, as well as efforts to overcome current hurdles will be discussed.
Lastly, the use of hPSCs as a surrogate system to study blood cell development in
both health and hematological disease will be highlighted.
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4.2 Mapping In Vivo Hematopoiesis to Direct In Vitro Blood
Cell Development

Most of our knowledge about hematopoietic ontogeny has been obtained through the
study of model organisms as the accessibility to the earliest developmental stages in
these organisms far exceeds what can be achieved with human samples. Although
confirmation in humans for many of these early hematopoietic events has lagged, it is
now well established that human hematopoietic development follows a similar pattern
as that seen in the mouse, despite differences in developmental timescales [3, 4]. Here,
we offer an overview of the key stages of hematopoietic ontogeny as described for the
mouse and refer to the human development (reviewed in [4]) where appropriate.

4.2.1 Primitive Wave (Yolk Sac) Hematopoietic Development

In the developing embryo, successive hematopoietic waves give rise to hematopoietic
progenitors with increasing lineage potential (Fig. 4.1). A first wave of hematopoietic
development, termed the primitive wave, arises in the yolk sac around embryonic day 7
(E7) in mice (16—-18.5 days postconception (dpc) in human) where the extra-embryonic
mesoderm gives rise to blood islands [4-7]. This transient wave produces a population
of rapidly expanding primitive erythroid cells tasked with sustaining the oxygen needs
of the rapidly developing embryo [6]. The primitive erythroid lineage is characterized
by embryonic globin (BH1) expression. These cells enter the circulation as large nucle-
ated erythrocytes, unlike their definitive counterparts, which are smaller and enucleate
before entering circulation [7-9]. Notably, using reporter lines or antibodies that specifi-
cally label primitive cells, it has been demonstrated that primitive erythroid cells are
capable of enucleating in circulation between E12.5 and E14.5, resulting in macrocytic
enucleated erythrocytes [10, 11]. In addition to primitive erythrocytes, the primitive
wave of hematopoiesis also gives rise to a population of macrophages and megakaryo-
cytes [6, 12]. Although harder to distinguish from their definitive counterparts, primitive
macrophages and megakaryocytes do display features unique to their embryonic origin.
Compared with their adult counterparts, primitive megakaryocytes show reduced ploidy
and lower platelet production [12, 13], and primitive macrophages appear to mature
without passing through a monocyte intermediate stage [14, 15].

4.2.2 Erythro-myeloid Progenitor (EMP) Hematopoiesis

A day later, at approximately E8.25, a second wave of yolk sac-derived hematopoi-
esis produces definitive erythrocytes, megakaryocytes, and most myeloid lineages
[6, 16]. This erythro-myeloid-restricted wave is referred to as erythro-myeloid
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Fig. 4.1 Schematic overview of in vivo hematopoietic development. (a) Overview of the succes-
sive hematopoietic waves and progenitors generated during mouse development. (b) Overview of
globin gene expression during human development. EMP erythro-myeloid progenitor, LMPP
lymphoid-primed multipotent progenitor, AGM aorta-gonad-mesonephros, P-Sp para-aortic
splanchnopleura, HSC hematopoietic stem cell

progenitor (EMP) hematopoiesis and is considered distinct from both primitive yolk
sac and definitive aorta-gonad-mesonephros (AGM) hematopoiesis [8, 17]. This
point is reflected in the unique globin expression profile of EMP-derived erythroid
cells, where low levels of embryonic BHI globin together with adult (1) globin
generate a pattern that differs from both primitive and AGM-derived definitive ery-
throid cells [18]. Although this wave has been well characterized in the mouse and
attempts to extrapolate these findings to the human situation have been made by
incorporating a human transgenic -globin locus into mice [6, 8, 18], EMP hemato-
poiesis has not been formally characterized during human development [4].
Nevertheless, burst-forming unit-erythroid (BFU-E) cells, which are considered the
first definitive erythroid progenitors arising during hematopoietic ontogeny, are first



4 Recapitulating Hematopoietic Development in a Dish 49

detected in the human yolk sac around 28-35 dpc [19]. This similarity to their first
appearance in mice, which coincides with the onset of EMP hematopoiesis, strongly
suggests the emergence of a similar EMP wave in humans at about 4-5 weeks in
gestation [4, 8].

4.2.3 Lymphoid-Primed Multipotent Progenitor (LMPP)
Hematopoiesis

At approximately E9.0, B and T cell potential can be detected in the yolk sac as well
as in the embryonic para-aortic splanchnopleura (P-Sp) [20, 21]. Emerging inde-
pendently from definitive HSCs in the AGM, this early wave also displays myeloid
potential in addition to lymphoid potential, hence the designation LMPP hemato-
poiesis [22]. This initial program of B cell lymphopoiesis shows a bias toward pro-
duction of innate type B-1 and marginal zone B cells instead of B-2 cells, which are
considered to be generated through a separate HSC-dependent wave [20, 23]. In
terms of T cell potential, both fetal and adult-type T cells («ff and yd subsets) are
produced by the YS- and P-Sp-derived T progenitor cells [21]. LMMPs therefore
might present a source of lymphoid cells with a yolk sac origin that persist into
adulthood [20, 21]. Similarly, tissue-resident macrophages found in the lungs and
liver appear to originate from the early waves of hematopoiesis in the yolk sac, as
well as the microglia of the brain [24-27].

4.2.4 Definitive Wave (AGM) Hematopoietic Development

The definitive wave of hematopoiesis is characterized by its ability to give rise to
hematopoietic stem cells (HSCs) that exhibit long-term, multi-lineage engraftment
potential. Cells corresponding to this definition first emerge at the ventral wall of the
dorsal aorta within the AGM region at E10.5 in the mouse and at 32dpc in human
embryos [28-31] but can also be detected in other major arteries of the developing
embryo such as the vitelline and umbilical arteries [32]. By E11.5, HSCs are also
present in the yolk sac and the placenta [33, 34]. As the heart has already started
beating at this time point, creating circulation of blood cells throughout the concep-
tus, it is difficult to decipher whether these sites should be regarded as de novo
generators of HSCs or instead contributors to the HSC pool via expansion of HSCs
generated elsewhere.

Via the circulation, hematopoietic progenitors generated at different develop-
mental sites inside or outside of the embryo home to the fetal liver, where they
undergo massive expansion before being distributed throughout the bone marrow,
thymus, and spleen [35]. The transition from the fetal liver to the bone marrow as
the main site of hematopoiesis occurs at approximately E17.5 in mouse or
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10-11 weeks in human embryos and is not complete until after birth [36, 37]. The
pool of HSCs arising prenatally through expansion in the fetal liver forms the basis
for life-long blood production in adults [1, 35, 38]. However, as mentioned earlier,
certain subsets of lymphoid cells as well as tissue-resident macrophages found in
the lung, liver, and brain postnatally are believed to originate from the early waves
of hematopoiesis in the yolk sac through HSC-independent mechanisms [20, 21,
24-217].

4.2.4.1 Hemogenic Endothelium and Endothelial-to-Hematopoietic
Transition

The spatial localization and marker expression profile of the first definitive adult-
repopulating HSCs suggest an endothelial origin for progenitors of the definitive
wave. HSCs appear as clusters tightly adhered to the ventral endothelium of the
dorsal aorta in the AGM region and express a range of markers shared with endothe-
lial cells in this location such as Sca-1, Runx1, c-kit, VE-cadherin, CD34, SCL, and
Gata?2 [31, 38-42]. During this process, referred to as endothelial-to-hematopoietic
transition (EHT), hematopoietic clusters bud off into the lumen of the aorta and start
expressing CD45, which distinguishes the newly formed HSCs from the adjacent
endothelium [38, 41, 43]. The cell population giving rise to the first definitive HSCs
is termed hemogenic endothelium, and besides HSCs in the AGM [41], also E8.25
yolk sac EMPs [44] and E9.5 B and T cell progenitors [20, 21] have been shown to
emerge from a hemogenic endothelial cell population. Interestingly, an early extra-
embryonic mesodermal origin has been suggested for all hemogenic endothelial
cells as endothelial progenitors emerging in the yolks sac around E7-7.5 have been
found to migrate to intra-embryonic sites where they can contribute to hemogenic
endothelium in the dorsal aorta and even HSCs [45—48]. Finally, and importantly, it
is clear that all blood cells emerge from cells with an endothelial signature through
an EHT stage, and this process seems to be conserved in vertebrate hematopoiesis
as it has been described in different species including frogs, chicks, mice, and
humans [49-55].

4.2.4.2 Origins of the Hematopoietic Stem Cell

At E9, prior the emergence of HSCs with adult-repopulating potential, both the yolk
sac and the P-Sp (pre-AGM region) produce progenitors that have the capacity to
engraft neonatal but not adult recipients [56, 57]. However, the marrow isolated
from these primary recipients is able to engraft secondary adult recipients, indicat-
ing that an intermediate in vivo maturational stage can endow the progeny of these
progenitors with adult-repopulating potential [57]. This suggests that these progeni-
tors represent immature HSCs that need to undergo further maturational patterning
before they display their true HSC identity. Similarly, following an in vitro matura-
tion step using OP9 stromal cells or endothelial cells in a co-culture setting,



4 Recapitulating Hematopoietic Development in a Dish 51

E9.5-E10 AGM progenitors that are not capable of engrafting adult recipients can
become competent, engraftable HSCs [58—60]. The fact that these early progenitors
eventually acquire the potential to generate HSCs has led to their designation as
HSC precursors or pre-HSCs. It is interesting to note how, leading up to the emer-
gence of true definitive HSCs, progenitors with increasing lineage potential are gen-
erated during successive waves of development, whereas in adult hematopoiesis,
HSCs reside at the apex of a hierarchical system that generates downstream pro-
genitors displaying more and more restricted lineage potential.

4.2.5 Identification and Characterization of Primitive Versus
Definitive Wave Hematopoiesis

Due to the different spatial and temporal emergence of progenitors with increasing
hematopoietic potential, the need arose to distinguish different programs in devel-
opment. This led to the initial distinction between a primitive and definitive wave of
hematopoiesis when it was discovered that hematopoiesis originates independently
at two locations, in the yolk sac and in the AGM [17, 61]. More recently, studies
describing EMPs and LMPPs within the yolk sac have added to the complexity of
hematopoietic ontology [18, 20-22]. This has only amplified the confusion in terms
of nomenclature as in the past progenitors from both of these waves have been
referred to as both primitive and definitive [62—65], whereas it is not clear whether
they should be assigned to either of the proposed categories [4, 17]. T cell potential,
for instance, has been associated with acquisition of a “definitive” status [64, 66].
However, as B and T cell progenitors arise in the yolk sac before the emergence of
definitive AGM hematopoiesis [20, 21, 67], designation of lymphoid potential as a
definitive characteristic is dependent on context and should be interpreted with cau-
tion as it is not necessarily synonymous with AGM definitive status and therefore
does not automatically refer to a program with true HSC competence.

4.2.5.1 Using Globin Expression to Identify Subsequent Hematopoietic
Programs

Concerning the erythroid lineage, there seems to be a consensus to refer to erythroid
cells produced during the initial hematopoietic wave in the YS as primitive and
everything afterward as definitive. Under this definition, the onset of definitive
erythropoiesis coincides with the emergence of BFU-Es in the yolk sac, which in
turn is associated spatially and temporally with the emergence of EMPs [8].
Depending on the developmental program, different genes from the f-globin
gene cluster are transcribed in erythroid cells, resulting in a unique globin expres-
sion pattern that can be used to define the different programs. The first erythroid
population that arises in the yolk sac consists of relatively large, nucleated primitive
erythroid cells, predominantly expressing embryonic globin [7, 8, 68]. In mice this
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means that ey- and BH1-globin genes from the beta globin cluster are expressed, and
in the human situation, this translates to predominant embryonic (¢)-globin expres-
sion as well as some fetal (y)-globin expression. Primitive erythroblasts from both
species also express {-globin and a-globin from the a-globin gene cluster, and the
combination of these different globin chains from the a- and B-globin cluster leads
to a variety of hemoglobin tetramers [8, 68].

This initial wave of primitive erythropoiesis is followed by definitive erythropoie-
sis, which has two distinct developmental origins [8]. EMPs in the yolk sac, and,
slightly later, HSCs in the AGM can both give rise to progenitors of the definitive
erythroid program. These progenitors then travel to the fetal liver where they differen-
tiate to produce the first definitive erythrocytes. The smaller cell size and the fact that
definitive erythrocytes expel their nucleus before entering circulation allows for a
straightforward distinction from primitive erythrocytes. Discriminating between both
types of cells arising from the definitive erythroid program is a more challenging task.
Nevertheless, careful study of EMPs in the mouse has uncovered a unique globin
expression profile of EMP-derived erythroid cells where low levels of embryonic
(BH1) globin in combination with adult (1) globin expression generate a pattern that
differs from both primitive and AGM-derived definitive erythroid cells [18]. EMPs
have not been formally characterized during human development [4]. However, when
the same EMP-derived erythroid population in mice was assessed in the context of a
transgenic human f-globin locus, again a unique globin expression signature emerged,
showing co-expression of human embryonic (g), fetal (y), and adult (B) globins, dis-
tinguishing EMP-derived erythroid cells from AGM-derived definitive erythroid cells
on the basis of embryonic globin expression in the former [18].

Fetal (y)-globin expression, a feature unique to anthropoid primates, gets silenced
postnatally when globin expression switches to adult B-globin and the bone marrow
(spleen in mice) becomes the major sites of erythropoiesis [68] (Fig. 4.1b). This
means that B-globin chains replace the y-globin chains in hemoglobin tetramers
resulting in a switch from HbF (a2y2) to HbA1 (ax2p2) with HbA1 accounting for
97% of all hemoglobin in adult erythrocytes. The other percentages are shared
between HbA2 («262) (2%) and HbF (1%) [68].

4.3 In Vitro Hematopoiesis Through the Lens
of a Pluripotent Stem Cell Model

In vitro hematopoietic differentiation protocols are designed to mimic the develop-
mental processes that take place in the early embryo [69, 70]. First established using
mouse PSCs, in vitro differentiation protocols were translated to human PSCs, show-
ing a similar progression through the different developmental stages. To induce hema-
topoietic differentiation from PSCs, several approaches have been explored, such as
stromal cell co-culture systems [71-78], embryoid body (EB) formation [69, 79-81],
and monolayer culture systems [82—-84]. Whereas stromal co-culture systems gener-
ally depend on serum-containing medium, other approaches can be executed in fully
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defined conditions aimed at reducing variability and excluding unknown factors pres-
ent in serum that preclude detailed analysis of critical signaling pathways. Irrespective
of the system used, kinetic analysis has revealed that differentiation cultures follow a
similar path toward hematopoietic commitment. Upon induction of differentiation,
PSCs pass through a primitive streak stage, where markers such as BRACHYURY
and MIXLI are transiently upregulated. Next, differentiating cells progress to a meso-
dermal stage, and expression of markers such as KDR (Flk-1), RUNX1, and CD34
can be detected [70, 80, 81, 85-87]. Upon further differentiation, markers indicative
of hematopoietic commitment such as CD43 and CD45 get expressed on the cell sur-
face during a process resembling endothelial-to-hematopoietic transition (EHT) [72,
73, 88, 89]. This sequence is followed spontaneously when differentiation of hPSCs
is induced through EB formation in the presence of serum, even in the absence of
growth factors, and recapitulates early hematopoietic development as it occurs in vivo
[69]. Most often however, signals that guide hematopoietic development in the embryo
are mimicked through the sequential addition of different cytokine and growth factor
cocktails to increase the efficiency of specification.

Studies using hPSCs have verified that, as in model organisms, PS and meso-
derm induction during in vitro hematopoietic differentiation is regulated by BMP4,
bFGF, Activin/Nodal, and WNT/b-catenin signaling [79, 81, 87, 90]. The combina-
tion of BMP4, a ventral mesoderm inducer, and a spectrum of hematopoietic cyto-
kines was found to strongly promote hematopoietic differentiation from hESC [79].
In agreement with this finding, another study illustrated that addition of BMP4 to a
serum-free, feeder-free EB differentiation system could induce the expression of
genes marking hematopoietic mesoderm and support the emergence of hematopoi-
etic progenitor cells. In this study, VEGF appeared to be a crucial companion for the
generation of robust numbers of hematopoietic colony-forming cells and more
mature descendants. Addition of SCF and bFGF to this cocktail further increased
the total yield of hematopoietic cells generated from hESCs [87]. Once hematopoi-
etic mesoderm is formed and EHT is initiated, further specification of the emerging
hematopoietic progenitors can be guided through addition of lineage-specific cyto-
kines and growth factors. Erythropoietin (EPO), for instance, is the main regulator
of erythropoiesis [91], whereas Notch is a crucial mediator of T cell development
[92, 93]. Thrombopoietin (TPO), on the other hand, fulfills a dual role as this growth
factor is the primary stimulus for the megakaryocytic lineage but is also involved in
the maintenance of HSC in a quiescent state [94, 95].

4.3.1 InVitro Recapitulation of Successive Hematopoietic
Programs

As in natural development, the successive waves of hematopoiesis must be reca-
pitulated during in vitro differentiation from PSCs. This process can occur
spontaneously, in the absence of specific growth factors, as well as during
directed differentiation approaches [66, 69, 96, 97]. In contrast to in vivo
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specification, which is impacted by a dynamic niche, there is no spatiotemporal
separation of the different hematopoietic programs during in vitro differentia-
tion from PSCs. Most reports in the literature describe the onset of a hematopoi-
etic program reflecting the primitive wave of hematopoiesis, often through a
hemangioblast-like intermediate, before the appearance of hematopoietic cells
with more definitive characteristics [66, 69, 97, 98]. However, as subsequent
transcriptional programs and waves of development emerge within the same
culture dish and overlap in time, distinguishing between them is challenging.
With respect to this point, CD235a expression has been described to mark a
subset of mesodermal cells that will give rise to a primitive population of cells,
whereas exclusion of cells with this marker leads to the development of more
definitively patterned cells from PSCs [66]. Similarly, a distinction between dif-
ferent developmental programs can be made based on signaling pathways
important for their specification early on in mesoderm formation. Whereas the
primitive program relies on Activin/Nodal signaling between days 2 and 4 of
differentiation, a more definitive wave of hematopoietic progenitors can be
obtained by inhibiting this pathway and/or stimulation of Wnt signaling during
the same time frame [64]. Lymphocyte potential and Notch dependence have
been used in these studies to define the onset of the definitive program; however
as T and B cell potential can arise in the yolk sac before the onset of the defini-
tive AGM hematopoietic program [20, 21, 67], this does not necessarily indicate
an intra-embryonic origin or the capacity to generate true HSC-like cells from
this more definitive program. Nevertheless, the finding that manipulation of Wnt
and Activin/Nodal signaling early in the differentiation leads to increased
expression of the HOXA gene cluster in the resulting CD34" hematopoietic pro-
genitors and results in a gene expression pattern for PSC-derived cells that
resembles that of human AGM-derived cells argues in favor of an AGM origin
[99]. However, in the absence of human yolk sac-derived progenitors for com-
parison, it remains unclear whether these patterning changes increase the resem-
blance to the AGM definitive program at the cost of a YS identity or whether
they increase the similarity to “more definitive” progenitors found at both loca-
tions equally while moving further away from the primitive program. Given that
subtle differences in HOXA expression remain compared to the human AGM
samples and that the hPSC-derived progenitors still lack essential characteris-
tics associated with long-term hematopoietic reconstitution [99], these HOXA+
progenitors could possibly also represent pre-HSC which are detected both in
the YS and P-Sp (pre-AGM region) prior to definitive AGM hematopoiesis.
More research will be necessary to elucidate the exact staging in development
of PSC-derived cells; however it is interesting to note that interfering with sig-
naling pathways during PS formation can have a distinct effect on hematopoi-
etic progenitors arising much later in the differentiation. These findings suggest
that the distinction between extra- and intra-embryonic hematopoietic fates or at
least between different hematopoietic programs is made at the time of mesoder-
mal patterning [4].
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4.3.2 Endothelial-to-Hematopoietic Transition (EHT)
in the Dish

Development of blast colony-forming cells (BL-CFCs) that can give rise to both
vascular and hematopoietic progeny early in the hematopoietic differentiation from
hPSCs has been shown to precede the establishment of the primitive hematopoietic
program [81, 86, 100]. Interestingly, the first functional evidence for the existence
of such a bipotential progenitor came from mouse PSC differentiation cultures [101,
102] and was subsequently confirmed in vivo [103]. This is an excellent example of
how studying hematopoietic differentiation from PSCs in vitro can yield insights
into in vivo development and argues for the use of this surrogate system to study
early developmental processes that might otherwise not be easily accessible. The
hemogenic endothelium that gives rise to subsequent waves of hematopoiesis has
also been extensively characterized in PSC-derived cultures and has been shown to
express RUNXT1 and GFI1 [97, 99, 104, 105] but not CD184 (CXCR4), DLLA4, or
CD73 [97, 106], separating it from venous and arterial vascular endothelium gener-
ated from PSCs [106]. Currently, no surface markers are available that can distin-
guish between hemogenic endothelium that gives rise to definitive adult-repopulating
HSCs and hemogenic endothelium that generates hematopoietic progenitors with
more limited developmental and engraftment potential.

Together, these studies indicate that all blood cells emerge from cells with an
endothelial signature through EHT and that this transition can be considered a com-
mon mechanism underlying blood formation during both in vivo development and
in vitro hematopoietic differentiation from PSCs.

4.3.3 Engineering Hematopoietic Stem Cells from Pluripotent
Stem Cells

Although the field has made significant progress by harnessing developmental sig-
nals found in the embryo to guide in vitro hematopoietic development from PSCs,
challenges still remain. The exact patterning required for de novo HSC generation
remains largely unknown. As HSCs represent the most potent hematopoietic cells,
capable of reconstituting the entire hematopoietic system in a transplantation set-
ting, their generation from PSCs has been at the center of the research efforts of
many groups. What makes this quest particularly challenging is that even though
HSCs can be characterized and enriched based on molecular criteria such as the
expression of certain cell-surface markers, true HSC identity can only be fully
confirmed based on the fulfillment of functional criteria [1]. By definition, HSCs
are capable of long-term self-renewal and multi-lineage reconstitution, which
means that their derivation can only be confirmed following transplantation when
introduced cells give rise to all hematopoietic lineages in the recipient for an
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extended period of time [107]. Due to ethical and practical reasons, a xenotrans-
plantation setting is inevitable when testing the potential of hPSC-derived progeni-
tors. Several immunocompromised mouse models have been developed over the
years aimed at providing an environment that is supportive for the engraftment of
human cells [108]. Although this has been relatively successful for human postna-
tal HSCs with cord blood-derived cells showing engraftment levels up to 40%
[109, 110], the levels of engraftment reported from hPSC-derived progenitors have
been exceptionally low and mostly restricted to the myeloid lineages [76, 111,
112]. At this point, it is challenging to decipher what could be the reason for the
low engraftment from hPSC-derived cells as there are many possible contributing
factors. Besides the obvious hurdle of relying on a xenograft setting for a read-out
of HSC potential, the vaguely defined developmental time frame of hPSC-derived
cells is also a confounding factor. Whether the most advanced hematopoietic pro-
genitors generated in vitro from PSCs represent a more definitive yolk sac stage of
development or alternatively AGM-type definitive progenitors is still under debate
as there are currently no convincing markers to unequivocally distinguish both
types of progenitors. If we consider the scenario where in vitro hematopoietic dif-
ferentiation protocols from PSCs are mostly geared toward the recapitulation of a
yolk sac hematopoietic program with a transient primitive wave followed by a
more definitive type wave, then the patterning early on might need to be revised to
arrive at an intra-embryonic hemogenic endothelium population that can give rise
to true adult-repopulating HSCs. This idea is currently being explored by several
groups focusing on manipulation of key pathways during the early specification of
mesoderm and subsequent characterization of the resulting hematopoietic progeni-
tors [64, 99].

4.3.3.1 In Vivo Differentiation Through Teratoma Formation: The Mouse
as Incubator

In an attempt to overcome the incomplete understanding of the signaling cascade
that leads to the correct patterning and/or maturation of HSCs in vitro, two
groups bridged this knowledge gap using an in vivo teratoma setting [113, 114].
When hPSCs are injected ectopically in immunocompromised mice, they have
the capacity to form all three germ layers, guided by the inductive environment
found in the mouse. During this process that results in a mass of disorganized
tissues and organs, called a teratoma, bone marrow elements can be formed [114,
115]. Making use of endogenous specification signals, both groups found that it
was possible to derive engraftable CD34*CD45* progenitors using this tech-
nique. Even at the very low efficiencies noted in these works, demonstration of
donor-derived multilineage peripheral blood chimerism is an encouraging find-
ing that indicates that transplantable hematopoietic progenitors can indeed be
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generated from hPSCs in the proper setting. Nevertheless, it remains to be dem-
onstrated whether these progenitors represent bona fide HSCs as the time frame
used to assess hematopoietic reconstitution was not sufficiently long to confirm
true long-term hematopoietic potential [30, 107]. In these studies, the in vivo
specification of hPSCs toward HSC-like cells was aided by co-injection of OP9
stromal cells and/or continuous administration of hematopoietic cytokines. In a
more recent report, these supportive measures were replaced by overexpression
of a set of transcription factors, significantly speeding up the process of HSC
generation from mPSC [116].

4.3.3.2 Induction of an HSC Program Through Forced Expression
of Exogenous Factors

The introduction of transcription factors to boost the in vitro generation of HSCs
illustrates an alternative approach to overcome challenges associated with the
directed differentiation of PSCs to HSCs. The demonstration that fibroblasts can be
reprogrammed to iPSCs via introduction of four transcription factors roughly a
decade ago was a powerful example of the fact that cellular identity can be manipu-
lated by enforcing gene expression of the right combination of factors [117]. Since
then, this transgene overexpression strategy has been employed to either direct the
in vitro differentiation of PSCs or to transdifferentiate somatic cell types, a process
also referred to as direct lineage conversion. Different cell types have been targeted
this way, all attempting to generate HSC-like cells, including PSCs [118, 119],
fibroblasts [120, 121], hematopoietic cells [122, 123], and endothelial cells [124,
125]. One of the most recent reports documents the generation of human HSC-like
cells using the forced expression of seven factors (ERG, HOXAS5, HOXA9, HOXA 10,
LCOR, RUNX1, and SPII) to confer HSC-like engraftment, self-renewal, and mul-
tilineage capacity onto hPSC-derived hemogenic endothelial cells [126]. Although
this engineered induction of HSC-like characteristics positions the converted cells
within the functional definition of HSCs, the authors note limitations in the robust-
ness of engraftment and the recapitulation of terminal differentiation compared to
bona fide HSCs. Nevertheless, the generation of cells that are tantalizingly close to
bona fide HSCs from hPSCs advances the field in the direction of realizing the enor-
mous potential that PSCs hold in terms of regenerative medicine. Although the pres-
ence of exogenous factors prevents a straightforward translation of the resulting
HSC-like cells into a clinical setting at this point, further studying the factors that
enable this conversion is expected to unravel pathways and circuits involved in HSC
specification during development. This will instruct directed differentiation
approaches aimed at achieving a similar fate change through manipulation of rele-
vant pathways in a sequential manner using small molecules and growth factors
rather than transgenes.
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4.3.4 Initiation of Globin Switching in PSC-Derived
Erythroid-Lineage Cells

During human erythroid cell development, a maturational switch occurs from
C-(HBZ) to a-globin (HBA) gene expression and from embryonic (¢; HBE) to fetal
(v; HBG) gene expression during the first trimester of conception. This is followed
by a second switch from fetal (y; HBG) to adult (B; HBB) globin gene expression
beginning in mid-gestation that is largely completed by 6 months after birth [127—
130]. Notably, one can speculate that this switch might not occur in all cells simul-
taneously with the timing of this change likely to be genetically controlled as it
varies among individuals. Hemoglobin analysis shows that the first two globin
switches ({ to a and € to y) are recapitulated during in vitro differentiation, again
demonstrating the usefulness of hPSCs to model early hematopoietic development
[77, 99]. The y- to B-switch, however, has been more difficult to capture in PSC-
derived progeny. Although several reports describe induction of f-globin expression
in hPSC-derived erythroid cells, none of these platforms demonstrate a complete
switch from predominantly y-globin expressing cells to predominantly p-globin
expressing cells as occurs in vivo [77, 78, 131]. This is not completely unexpected
as this switch is only completed postnatally and PSC-derived cells typically have a
more immature/prenatal character [132]. Nevertheless, the observed levels of gener-
ated pB-globin are encouraging and provide information on the developmental posi-
tioning of differentiated cells as [-globin expression is a characteristic that
distinguishes the definitive from the primitive erythroid program. Whether in vitro
differentiated p-globin expressing cells are more akin to EMP-derived erythroid
cells or definitive AGM-derived erythroid cells depends on the globin co-expression
pattern displayed by the cells. This is typically difficult to decipher in bulk cultures
where several hematopoietic programs can coexist. For this reason, techniques that
allow for the assessment of globin co-expression at the single cell level will be most
insightful [133].

4.4 Harnessing iPSCS for Hematological Disease Modeling
and Drug Discovery

Sampling primary hematopoietic tissues for disease modeling and drug discovery
can provide only limited numbers of cells with limited proliferative potential. In
addition, the tissue type of interest could be hard to obtain because it is destroyed by
the disease process or because invasive procedures are required to isolate the relevant
cells. This is often the case for bone marrow failure syndromes where bone marrow
aspiration might not yield sufficient cells, especially in pediatric patients where
these disorders commonly present [134]. Rare disorders present another challenge,
as it is often impossible to recruit sufficient patients to get statistically relevant
numbers of primary samples. In situations like these, renewable patient-specific cell
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sources such as iPSCs offer a powerful platform that allows for repeated testing of
hypotheses, possibly after genetic manipulation or addition of certain compounds
that could interfere with the disease process. Moreover, differentiation from iPSCs
encompasses developmental stages that do not exist beyond the embryo, and for this
reason, iPSCs present an invaluable tool to study disorders where the hematopoietic
defect is thought to arise prenatally, as in Fanconi anemia [135, 136]. Finally, by
using iPSCs, it is also possible to study multiple cell types derived from the same
genetic background without the need for repeated biopsies making this a versatile
platform to study multi-systemic blood disorders such as f-thalassemia where the
interplay between inefficient erythropoiesis and iron homeostasis in the liver per-
petuates the disease phenotype [137-139].

4.4.1 Hematological Disorders Affecting Hematopoietic Stem
and Progenitor Cells (HSPCs)

A wide variety of iPSC lines generated from patients with blood disorders exists,
including dyskeratosis congenita [140], Fanconi anemia [141], Shwachman-
Diamond syndrome [142], Pearson syndrome [143], Diamond-Blackfan anemia
[144], sickle cell anemia [145-147], B-thalassemia [148—151], imatinib-sensitive
chronic myelogenous leukemia (CML) [152], and others. To accurately model such
disorders and see the full extent of the disease-specific phenotype reveal itself,
iPSCs will need to be differentiated into the target cell type that is affected. Some of
these conditions represent bone marrow failure syndromes, affecting all three blood
lineages and are therefore considered to arise from defects in the HSC compart-
ment. Despite some of the challenges associated with generating true HSCs in vitro,
PSC modeling of hematopoietic disorders has been successful at elucidating certain
disease-specific phenotypes, especially if downstream progenitors are affected.
Disease modeling using iPSCs derived from Shwachman-Diamond syndrome
patients, for instance, has shown that protease-mediated autodigestion could be con-
sidered a common mechanism underlying both hematopoietic and pancreatic mani-
festations of the disorder and identified aprotinin as a potential therapeutic compound
[142]. A recent report on PSC modeling of dyskeratosis congenita could even dem-
onstrate a differential impact of disease-specific telomere shortening on progenitors
from different hematopoietic programs, showing that primitive hematopoiesis was
relatively unaffected compared with progenitors from a more definitive Wnt-
stimulated program [153]. Modeling of Fanconi anemia (FA) using PSCs has also
yielded valuable insights into both the hematopoietic defects associated with the
disorder and the importance of the Fanconi anemia pathway in the context of pluri-
potency. As FA cells were shown to be resistant [154], though not refractory [141],
to reprogramming due to the inherent defect in DNA repair, the first proof of prin-
ciple of using PSCs to model FA was reported using a stable knockdown approach
in hESCs [136]. Here, significant reductions in hematopoietic gene expression and
progenitor numbers were noted upon in vitro differentiation of hPSCs with a stable
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knockdown of FA genes into hematopoietic progenitors. Once some of the hurdles
limiting reprogramming efficiency were overcome [141], accounts of the resulting
iPSCs [155, 156], as well as FANCA knockout hESCs [157], shed light on the
importance of a functional FA pathway for proliferation and maintenance of a nor-
mal karyotype in pluripotent cells. Complementation of FA-deficient PSCs with a
transgenic FANCA copy has been used to demonstrate restoration of the hematopoi-
etic capacity of the cells, highlighting the use of FA-specific PSCs to model the
disorder and screen for approaches that can improve the hematopoietic phenotype
[136, 141]. This was further corroborated by a report using FA-specific iPSCs as a
drug screening platform, confirming the action of compounds known to improve FA
phenotypes and even identifying new compounds with a beneficial effect on the
hematopoietic phenotype of both FA-specific hPSCs and bone marrow cells from
FA patients [158].

4.4.2 Hemoglobinopathies: From Gene Correction
and Disease Modeling to Drug Discovery and Validation
in a Patient-Specific Genetic Context

The B-hemoglobinopathies are red blood cell disorders in which adult hemoglobin
(HbA) is affected by mutations in the p-globin gene (HBB), resulting in anemia
shortly after birth as globin expression switches from fetal to adult globin [159,
160]. Patient-specific iPSCs from both p-thalassemia [148—151] and sickle cell dis-
ease [145-147] have been used for the demonstration of proof of principle for the
correction of the genetic defect in HBB. In these reports, the HBB gene is corrected
at the pluripotent stage, even if the underlying disease-causing mutation is not
expressed in PSCs, and the cells are subsequently differentiated toward the ery-
throid lineage to demonstrate that correction of the disease-causing mutation results
in wildtype f-globin transcripts [145, 151] or protein [148—150]. This process illus-
trates the potential of gene correction and subsequent transfusion of the corrected
cells as cell therapy for patients suffering from B-hemoglobinopathies where one
functional copy of HBB is sufficient to alleviate the burden of the disease. Using
these hemoglobinopathy-specific iPSCs to study the hematopoietic phenotype how-
ever is thwarted due to the limited expression of -globin in PSC-derived erythroid
cells. As a consequence of the prenatal character of PSC-derived cells, in vitro dif-
ferentiated erythroid cells predominantly express embryonic and/or fetal globins
[78, 99, 161]. As high levels of fetal hemoglobin (HbF) are ameliorative for these
conditions and prevent effects such as the sickling of red blood cells in sickle cell
anemia and compensate for the reduction or absence of HbA in f-thalassemia [162—
165], these hemoglobinopathies will only lend themselves to disease modeling once
B-globin expression can be sufficiently induced in PSC-derived erythroid cells.
Reports demonstrating a switch to p-globin expression upon maturation of PSC-
derived hematopoietic progenitors in mice [113, 122] are encouraging and offer the
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prospect of recapitulating this maturational step in vitro once the signals involved
are fully elucidated. Moreover, efforts are being made to overcome the poor reca-
pitulation of erythropoiesis in xenograft mouse models [166—170] with the aim of
using such model systems to study the disease-specific phenotype of red blood cell
disorders in an in vivo setting.

Perhaps unique to the pf-hemoglobinopathies, an iPSC-derived red blood cell
precursor that fails to switch from fetal to adult globin synthesis would be a useful
cellular therapeutic. Predominantly HbF-containing erythrocytes are adequate oxy-
gen transporters, and high amounts of HbF will prevent polymerization of any
deoxy sickle hemoglobin that might be synthesized [171]. Moreover, isogenic cells
are unlikely to evoke an immune response. Thus, without manipulation of the
genome or chronic immunosuppression, a potentially curative cellular therapy that
could be transfused in any infusion center could become widely available.

While human iPSC-derived erythroid cells in vitro do not undergo the switch
from fetal (HBG) to adult (HBB) globin gene expression, they might prove to be a
valuable resource for the identification of novel HbF inducers for the treatment of
B-hemoglobinopathies. Currently, prior to clinical trials, in vitro drug testing is typi-
cally performed using immortalized human cells. However, such cell lines have
undergone genetic alterations to ensure their immortalization, possibly altering the
fidelity of the drug screens. The use of immortalized cell lines is a common cause of
high attrition rates for drug development, as what works in vitro in one genetic back-
ground, and subsequently in animal models, does not always translate to the clinic
[172]. As there are many different biological and demographic factors that might
affect a hemoglobinopathy patient’s response to a drug such as the presence of quan-
titative trait loci (QTL) effecting globin gene expression, ethnicity, age, and pretreat-
ment HbF levels, exploring the effect of each is important. iPSCs, due to their
unlimited supply of material and their ability to capture the exact genetic background
of patients, represent a powerful platform for drug screening with the ability to cor-
relate genetic variance to drug response (Fig. 4.2). The creation of an ethnically
diverse library of sickle cell disease-specific iPSCs from three distinct geographic
locations to represent multiple QTL and disease phenotypes [146], for instance, is
expected to facilitate high-throughput screening of novel therapeutics in a manner
that allows for a comprehensive analysis of patients and their individual responses,
driving more individualized treatment plans for sickle cell disease patients. Moreover,
utilization of iPSCs for drug screening presents researchers with the opportunity to
explore the effects of a drug on multiple cell types from the same individual. Common
side effects seen during drug testing are due to toxicity that can affect the peripheral
nervous system, liver, and heart, making examination of those systems crucial for
drug screening in vitro. Given the pluripotent nature of iPSCs, it is possible to obtain
toxicity and efficacy data in multiple cell types with the same genetic background
during a complete “in vitro clinical trial” prior to in vivo studies [173—175]. The abil-
ity to use iPSCs for in vitro disease modeling, for high-throughput drug screening,
and for drug toxicity screening could ultimately help to reduce the time that elapses
from the identification of novel therapeutics to FDA approval.



62 K. Vanuytsel et al.

Patient with sickle
cell disease (SCD)

- Collect Peripheral
Blood From Patient

Utilize patient-specific target cells to
screen novel HbF inducers

Reprogram into
patient-specific iPSCs

Recovered Patient

Differentiate SCD-specific
iPSCs into erythroblasts

Genetically identical
SCD-specific iPSCs

Fig. 4.2 iPSCs generated from peripheral blood of sickle cell disease patients can be differenti-
ated into the cell type affected by the disorder and subsequently used to screen novel therapeutics
in a high-throughput manner

4.5 Conclusion

iPSCs represent a versatile platform for the study of developmental processes
both in health and disease as well as for drug screening in the context of individual
patients and their unique genetic background. Proof-of-principle studies have
demonstrated the feasibility of genetic correction for hematological disorders and
differentiation of the corrected cells into the relevant cell types with the prospect
of using gene-corrected blood cells in regenerative medicine approaches.
Techniques such as reprogramming and gene-editing technology that have revolu-
tionized this field of research have matured to the point where they are routine
practice. At this point, the biggest remaining challenge is the efficient and robust
differentiation of hPSC toward blood cells that resemble their in vivo counterparts
in terms of physical properties and engraftment potential. Engineering efforts to
equip cells with the desired characteristics, through forced expression of tran-
scription factors or with the help of a mouse in vivo setting, have brought us tan-
talizingly close to in vitro-generated HSCs. Deciphering how to arrive there
without transgenes but rather through the sequential addition of growth factors to
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guide the differentiating cells will be the ultimate demonstration that we under-
stand the biology of making HSCs and advancements in this direction will bring

us

closer to fulfilling the enormous potential that iPSCs offer for regenerative

medicine. Nevertheless, despite the current limitations of in vitro directed differ-
entiation in generating bona fide HSCs, there exist many examples of how patient-
specific iPSCs have been successfully used for the modeling of hematological
disorders and how they have played a prominent role in uncovering pharmaco-
logically targetable disease mechanisms.
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Chapter 5
Modeling Cardiomyopathies with iPSCs

Check for
updates

Jean-Sébastien Hulot

Abstract Cardiomyopathies are disorders with primary defect of the cardiac mus-
cle, typically presenting in a familial context and associated with mutations in major
determinants of the electrical or contractile properties of cardiomyocytes. This
chapter reviews the main advances in the physiopathological and pharmacological
understanding of cardiomyopathies using iPSCs.

Keywords Cardiomyopathy - Heart failure - Arrhythmias - Sudden death
Electrophysiology - Contractility

5.1 Introduction

Cardiomyopathy is a term used to define an injury of the cardiac muscle that can
have multiple origins including extrinsic factors (such as ischemia in the context of
a myocardial infarction or drug toxicities) or intrinsic factors (genetic mutations of
key components of the heart). In clinical practice, “cardiomyopathies” however
typically refer to primary cardiac muscle disorders, potentially presenting in a
familial context and with particular morphological and/or physiological character-
istics. The classification system of cardiomyopathies was originally conceived
before the description of causative genetic defects and was essentially based on
anatomical and histological observations [1]. The advances in molecular genetics,
the progressive understanding of pathophysiological mechanisms, and the opportu-
nity to model these diseases using iPSC technology are a source of perpetual evolu-
tion of the classification of cardiomyopathies [2]. Table 5.1 proposes a new
classification based on historical and updated classifications as well as current
understanding of primary molecular defect causing the cardiomyopathy. This clas-
sification will be further used in this chapter.
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Table 5.1 Proposed classification of cardiomyopathies
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Causal primary
defect

Principal outcome

Type of cardiomyopathy

Description

Cardiac ion

Life-threatening

Long QT syndrome

Delayed repolarization of

channels cardiac arrhythmias the heart;
Abnormal EKG
Catecholaminergic Stress-induced ventricular
polymorphic ventricular | tachycardia
tachycardia
Brugada syndrome Abnormal EKG
Cardiomyocyte Decreased Dilated cardiomyopathy | Dilation of cardiac
contractile contractility with cavities; shortness of
machinery heart failure; cardiac breath, congestion
arrhythmias Hypertrophic Increase thickness of
cardiomyopathy cardiac wall; abnormal
EKG, familial cardiac
sudden death
Cardiomyocyte Heart failure Duchenne Cardiac failure in the
architecture cardiomyopathy context of muscular
dystrophy
Cardiomyocyte Cardiac arrhythmias; | Arrhythmogenic right Arrhythmias and risk of
desmosome right ventricular ventricular sudden death, abnormal
(RV) failure cardiomyopathy EKG;
RV failure

Heart failure with
extra-cardiac
manifestations

Infiltrative disorder | Heart failure Lysosomal storage

disease (Fabry disease)

Historically, animal models have been used to understand the pathophysiology
of cardiovascular diseases and discover new therapeutics; however, because of sig-
nificant differences in cardiovascular genetics and physiology between humans and
animals, there was a compelling need for more accurate models to understand car-
diomyopathies. Over the past several years, the increasingly refined capacity to dif-
ferentiate iPSCs into disease-relevant cell types, such as cardiomyocytes
(iPSC-CMs), has offered new opportunities to model cardiomyopathies, to test
effects of drugs or to develop cell-based therapies [3—6]. Since its first description
in human embryonic stem cells [7, 8], cardiac differentiation of pluripotent stem
cells has made significant progress in terms of yield, with an original efficiency of
5-10% to over 80% with current protocols [9—11]. Original protocols were based on
random differentiation of three-dimensional pluripotent stem cell aggregates,
known as embryoid bodies (EBs), to cardiomyocytes (CMs). Beating EBs are typi-
cally observed in the 7-10 days after starting the differentiation. Different tech-
niques have been proposed to further purify cardiomyocytes from these aggregates
including flow cytometry with selective markers such as SIRPA [12]. Even if mul-
tiple protocols for cardiac differentiation have been proposed, there is a current
consensus to use monolayer-based protocols combined with glucose-deprived
media with abundant lactates in order to confer cardiomyocytes a survival advantage
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over other cell types [9]. In addition, small molecules have progressively replaced
cytokines and growth factors as these compounds revealed unstable and expensive
to produce. Small molecules targeting the BMP and the WNT pathways have been
shown as critical in inducing mesoderm induction, cardiomyocytes differentiation
as well as cardiac specification to ventricular cardiomyocytes as opposed to atrial or
junctional cardiomyocytes [5, 13, 14]. Indeed, most of the cardiomyopathies affect
the ventricular cavities, especially the left ventricle which is the critical cavity for
pumping the blood all over the body. The remarkable advances in cardiac differen-
tiation protocols combined with high-throughput culture and phenotyping tech-
niques have thus greatly enhanced the potential of iPSC-CMs for disease modeling
and clinical applications.

5.2 Modeling Genetic Cardiac Arrhythmias

Multiple studies using hiPSC-CMs to model cardiovascular diseases initially
focused on arrhythmic syndromes caused by channelopathies because of their clear,
distinct, and easily assessable phenotypes both clinically and in cell culture. The
channelopathies refer to diseases caused by the disturbed function of ion channel
proteins expressed in the plasma membrane or of proteins that are involved in the
regulation of expression or function of these ion channels. Ion channels expressed
in the cardiomyocytes plasma membrane are critical for allowing the propagation of
the cardiac action potential, which further triggers cardiac mechanical contraction.
The cardiac action potential generates from the coordinated action of different ion
channels for sodium (Na+), calcium (Ca2+), and potassium (K+) as illustrated in
Fig. 5.1. When genetic abnormalities cause these channels to be dysfunctional, the
resulting action potential is disturbed which will predispose to the occurrence of
life-threatening cardiac arrhythmias.

Of these, congenital long QT syndrome (LQTS), catecholaminergic polymor-
phic ventricular tachycardia (CPVT), and Brugada syndrome (BrS) were the most
commonly modeled diseases with iPSC as listed in Table 5.2 [52]. The majority of
these genetic diseases are autosomal dominant with however variable expressivity.
Channelopathies are typically associated with abnormalities on the electrocardio-
gram, which reflects action potential activity within the whole heart.

5.2.1 Congenital Long QT Syndrome

The long QT syndrome (LQTS) is a rare congenital disorder, with an estimated
prevalence of 1 in 2000 individuals, which is characterized by a delayed repolariza-
tion of the heart following each heartbeat. This increases the risk of a particular form
of polymorphic ventricular tachycardia called “torsades de pointes” (referring for its
twisting appearance). These episodes can degenerate into more advanced cardiac
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Fig. 5.1 Congenital long QT syndrome (LQTS): main currents, channels, and genes involved in
the different types of long QT syndromes. The Jervell and Lange-Nielsen syndrome is a particular
form of LQTS associated with severe bilateral sensorineural hearing loss. In bold, forms of LQTS
that have been modeled using iPSCs

arrhythmias eventually leading to cardiac sudden death. LQTS is typically diag-
nosed in a familial context of sudden death, symptoms of fainting or syncope, and a
prolongation of the QT interval on the ECG. LQTS is known to be caused by muta-
tions in genes encoding for cardiac potassium, sodium, or calcium ion channels. To
date, 15 genes have been identified and are associated with different types of
LQTS. Among these, five types have been reproduced using patient-specific iPSCs
(Table 5.2). In addition, LQTS can appear as an isolated disorder (called Romano-
Ward syndrome with six types) or be associated with other defects; on top of long
QT, the Andersen-Tawil syndrome (LQT?7) associates developmental abnormalities
and muscle weakness; the Timothy syndrome (LQT&8) is characterized by subcutane-
ous syndactyly with abnormal facial features and signs of autism. Finally, the Jervell
and Lange-Nielsen syndrome is characterized by a profound hearing loss from birth.

5.21.1 Long QT Type 1

The long QT syndrome type 1 (LQT1) represents 45% of the cases of LQTS and is
caused by mutations affecting KCNQ/1 that encodes for part of the Iy, slowly deac-
tivating, delayed rectifier potassium channel (Fig. 5.1). More than 170 mutations
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Table 5.2 List of channelopathies modeled with iPSCs

Gene

Disease Locus Phenotype correction | Ref

Congenital long QT syndrome (LQT)

LQT1 KCNQI1 Prolonged action potential duration, No [15-
aberrant potassium current 18]

LQT2 KCNH2 Prolonged action potential duration, Yes [17-
reduced potassium current IKr density 26]

LQT3 SCNS5A Prolonged action potential duration, Yes [27-
defective Na+ channel 31]

LQT7 (Andersen- | KCNJ2 Inhibition of endogenous IK1 by No [32,

Tawil syndrome) blocking the export of the channel 33]

LQTS (Timothy CACNAIC | Irregular electrical activity, abnormal | No [34]

syndrome) Ca2+ influx

LQT15 CALMI, Prolonged action potential duration, Yes [35-

CALM?2 impaired inactivation of L-type Ca2+ 38]
channels

Catecholaminergic polymorphic ventricular tachycardia (CPVT)

CPVTI1 RYR2 Sarcoplasmic reticulum calcium No [39-
leakage, arrhythmias with delayed 47]
after depolarization

CPVT2 CASQ2 Increased diastolic calcium, No [44,
arrhythmias with delayed after 48,
depolarization 49]

Brugada syndrome

BrS SNC5A Blunted inward sodium current, Yes [50,
abnormal calcium handling 51]

(most missense) of this gene have been reported, but only a small number have been
studied in iPSC [15-18]. Overall, these mutations result in decreased outward
potassium current creating a delay in ventricular repolarization and with prolonged
duration of action potential in iPSC-derived cardiomyocytes.

5.2.1.2 Long QT Type 2

The long QT syndrome type 2 (LQT?2) represents another 45% of the cases of LQTS
and is caused by mutations affecting KCNH?2 that encodes for part of the I, rapidly
deactivating, delayed rectifier potassium channel (Fig. 5.1). More than 200 KCNH2
mutations have been detected and typically cause rapid closure of the potassium
channel, a decrease in the normal rise of Iy, and consequent prolongation of the
action potential duration. Because of its prevalence, multiple studies have reported
LQT2 modeling using iPSCs [17-26]. Different studies are also using LQT2 iPSC-
derived cardiomyocytes to better understand the regulation of hERG channel func-
tion [25] or expression [20].
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5.2.1.3 Long QT Type 3

The long QT syndrome type 3 (LQT3) represents 7% of the cases of LQTS. LQT3
is caused by mutations in SCN5A encoding for the sodium channel. Gain-of-function
mutations cause persistent inward sodium current in the plateau phase, which con-
tributes to prolonged repolarization. Interestingly, some loss-of-function mutations
have been reported in the same gene, but they lead to different forms of cardiac
arrhythmias, including the Brugada syndrome. LQT3 iPSC-derived cardiomyocytes
recapitulate the electrophysiological features of the disease as well as the therapeu-
tic efficacy of sodium channel blockers [27-30].

5.2.1.4 Long QT Type 7 or Andersen-Tawil Syndrome

The long QT syndrome type 7 (LQT?7) is a rare form of LQTS, caused by mutations
in KCNJ2, a gene coding for potassium channel 2 protein which is expressed in the
heart but also the skeletal muscle further explaining the extra-cardiac abnormalities
observed in the Andersen-Tawil syndrome. Modeling studies using iPSC-CM have
focused on the electrophysiological consequence of the dysfunctional channel as
found in LQT7 patients [32, 33]. Here again, the defective potassium channel trans-
lates into a deficient repolarization phase, prolonged action potential, and higher
risk of developing arrhythmias. Additional experiments also revealed irregular cal-
cium handling in LQT7 iPS-derived cardiomyocytes, probably through a compen-
satory activation of the reverse mode of the Na+/Ca2+ exchanger (NCX).
Consequently, flecainide (a NCX inhibitor) was able to suppress arrhythmic events
observed in the LQT7 iPSC-derived cardiomyocytes [33]. Flecainide was however
also suggested to increase the potassium currents carried by the KCNJ2 channels
[53], which could further support its efficacy in LQT7 patients.

5.2.1.5 Long QT Type 8 or Timothy Syndrome

The long QT syndrome type 8 (LQTS) is another rare form of LQTS, caused by
gain-of-function mutations in CACNAIC, the gene coding for the L-type calcium
currents. As for the Andersen-Tawil syndrome, the Timothy syndrome associates
extra-cardiac abnormalities, especially at the neuronal level. In one study [34], elec-
trophysiological recording and calcium imaging studies of LQT8 iPSC-derived car-
diomyocytes revealed excess calcium influx, prolonged action potentials and
irregular electrical activity but also irregular contraction, and abnormal calcium
transients which fits with the essential role of calcium in the excitation-contraction
coupling of cardiomyocytes. The use of a voltage-dependent calcium channel inhib-
itor was able to rescue the electrical and calcium signaling properties in these cells
[34]. Interestingly, alterations of calcium signaling were also found in Timothy syn-
drome iPSC-derived neurons [54, 55].
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5.2.1.6 Long QT Type 15 or Calmodulinopathies

The long QT syndrome type 15 (LQT15) is a rare form of LQTS that is not linked
to mutations in genes coding for the cardiac ion channels per se but in the CALM 1/
CALM?2 genes coding for calmodulin, a calcium-binding protein that regulates a
wide range of biological processes including calcium-dependent inactivation of
L-type calcium currents [56]. The first human CALM disease mutations were only
recently discovered and were associated with a range of ventricular arrhythmia syn-
dromes including long QT syndrome (LQT15). Four different studies have explored
LQT15 iPSC-derived cardiomyocytes [35-38], found prolonged action potentials in
these cells, and confirmed the abnormal Ica inactivation as predicted in animal stud-
ies. In addition, genetic interference strategy of the mutated allele was sufficient to
nearly normalize electrophysiological abnormalities found in LQT15 iPSC-derived
cardiomyocytes [35, 38].

5.2.1.7 Jervell and Lange-Nielsen Syndrome

In contrast to other types of long QT that appear as autosomal dominant traits, the
JLN syndrome is a recessive trait resulting from homozygous or compound hetero-
zygous mutations in KCNQ/I or KCNEI. These two genes encode subunits of a
channel conducting the slow component of the delayed rectifier potassium current
(called Ig) as shown in Fig. 5.1. In one study [57], patient-specific iPSC were gener-
ated from a patient with JLNS-causing mutations in KCNQ/ and were differentiated
into cardiomyocytes. Electrophysiological studies showed the severe reduction or
absence of Ik, resulting in pronounced action potential prolongation. Mutations
were further shown as directly affecting the channel function or as reducing channel
trafficking at the membrane in a gene-dosage dependent fashion [57].

5.2.2 Catecholaminergic Polymorphic Ventricular Tachycardia

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an inherited
arrhythmia often leading to sudden cardiac death in children and young adults and
occurring with an estimated prevalence of 1 in 10,000 individuals. CPVT is charac-
terized by polymorphic/bidirectional ventricular tachycardia induced by adrenergic
stimulation associated with emotional stress or with physical exercise. There are
two forms of CPVT. CPVT1 (50-60% of CPVT cases) is caused by mutations in
RYR?2, encoding for ryanodine receptor type 2. CPVT1 is inherited by a dominant
mechanism. CPVT?2 is caused by mutations in CASQ2, encoding for cardiac calse-
questrin 2 and is inherited by recessive mechanism. Both RYR2 and CASQ2 pro-
teins are major components of a complex that controls coordinated calcium release
from the sarcoplasmic reticulum during the systole (i.e., the contraction phase).
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Analysis of CPVT1 and CPVT?2 patient-specific iPSC-derived cardiomyocytes
globally revealed the need of a beta-adrenergic stimulation to induce arrhythmic
events, while there is an absence of baseline arrhythmic events in these cells [39—
49]. This feature is consistent with the clinical phenotype. Additional characteriza-
tion of CPVTI/CPVT2 iPSC-CM revealed underlying abnormalities in
cardiomyocytes ultrastructure [44, 49] as well as calcium handling with increased
diastolic calcium levels in line with an increased RYR-mediated calcium leak from
the sarcoplasmic reticulum [39-44, 46, 47, 49].

5.2.3 Brugada Syndrome

Brugada syndrome is another genetic condition associated with an increased risk of
sudden cardiac death. Approximately 20% of the cases are caused by mutations in
SCN5A that encodes for the sodium ion channel (Fig. 5.1). As explained earlier,
SCNS5A is also involved in long QT syndrome type 3 (LQT3), and the Brugada syn-
drome is often referred as an overlap syndrome [58]. In addition, the majority of
Brugada syndrome remains genetically elusive. Even if the description of the under-
lying mechanisms is incomplete, features of Brugada syndrome were observed in
iPSC-cardiomyocytes from patients with SCN5A mutations [50, 51]. There was a
reduction in the sodium current density that favors the occurrence of arrhythmias
[50, 51]. An additional impact on calcium handling in these cells was also observed
[50]. In contrast, iPSC-cardiomyocytes derived from genotype-negative Brugada
syndrome did not exhibit a clear cellular phenotype suggesting a different mecha-
nism for these patients which not be clearly modeled using iPSCs [59].

5.3 Modeling Genetic Cardiomyopathies

Modeling of cardiomyopathies using hiPSC-derived cardiomyocytes has essentially
been applied for familial cardiomyopathies as a disease-causing gene mutation is
usually described or suspected. Most cardiomyopathies are characterized by dis-
rupted sarcomeric alignment, a phenomenon also called myocardial disarray that
further supports myocardial dysfunction.

Sarcomeric cardiomyopathies refer to cardiac disorders associated with a pri-
mary defect (i.e., a mutant protein) in the sarcomere, the basic contractile unit of a
striated muscle tissue. Sarcomeres represent the microanatomical unit that is
repeated to form myofibrils. The sarcomere is made of aligned myofilaments with
a typical length of about 1.6-2.2 pm in humans. Multiple proteins assemble to
form a competent sarcomere (Fig. 5.2a—b). In addition, if the sarcomere represents
the engine of cardiomyocytes, the beat-to-beat contraction is activated through
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Fig. 5.2 (a) Schematic representation of a cardiac sarcomere. (b) Composition of a sarcomere:
actin filaments (thin filaments) and myosin filaments (thick filaments) are the major components.
The action molecules are covered with tropomyosin and troponin molecules that will allow bridging
to myosin heads in the presence of calcium. This interaction allows a sliding mechanism between
the two filaments, which creates the contraction. In red, molecules that were investigated in iPSC

organized fluctuations of calcium from the stores (in the sarcoplasmic reticulum)
to the sarcomere. A rise in the cytosolic level of calcium is essential for the sarco-
mere to contract, but a reuptake of this calcium back to the sarcoplasmic reticulum
is essential to allow sarcomere relaxation and therefore appropriate preparation for
the next contraction phase. This calcium movement is made possible by an orga-
nized network of calcium handling proteins (Fig. 5.3).

Mutations affecting sarcomere proteins, calcium handling proteins, or key regu-
latory molecules (that are still progressively discovered) can cause some form of
cardiomyopathies, mainly associated with cardiac dilated cardiomyopathy (DCM)
or hypertrophic cardiomyopathy (HCM). In addition, the expressivity of these
mutations is heterogeneous, and mutations affecting the same gene can either be
associated with DCM or HCM, probably depending on the myofilament tension
[60], thus urging for better physiopathological understanding in appropriate models.
Overall, a small number of these mutations have been studied using iPSC (Table 5.3)
potentially as modeling these forms of cardiomyopathies integrates a challenging
architectural level to allow proper assembly and alignment of cardiac structures.

Finally, familial cardiomyopathies modeled with iPSC also include arrhythmo-
genic right ventricular cardiomyopathy (ARVC), a disease characterized by fatty
infiltration of the ventricles with predominance on the right ventricle, cardiac
arrhythmias, and right ventricular dysfunction [99].
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Fig. 5.3 Basis of the excitation-contraction coupling. At each depolarization of the plasma mem-
brane, voltage-dependent calcium channels (Ica) open, and the small amount of calcium entering
the cell triggers the release of a larger amount of calcium from the sarcoplasmic reticulum (SR) via
ryanodine receptors (Ryrs). The rise in the systolic calcium level supports the myofilament con-
traction. During the relaxation phase, calcium reuptake to the SR occurs through the SR Ca2+-
ATPase (Serca2a) active pump. Phospholamban (PLB) acts as a primary regulator of Serca2a
activity. Calcium levels are finally adjusted through the sodium calcium exchanger (NCX)

Table 5.3 List of structural cardiomyopathies modeled with iPSC

Gene

Disease Locus Phenotype correction | Ref

Dilated cardiomyopathy

Troponin TNNT2 Decreased contractility, altered | No [60-63]
calcium regulation

Titin TTN Sarcomere abnormalities, Yes [64]
impaired contractility

Phospholamban PLN Unstable calcium handling, Yes [65, 66]
impaired contractility, and
arrhythmic events

Lamin LMNA Accelerated senescence, No [67, 68]

stress-induced apoptosis
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Table 5.3 (continued)
Gene
Disease Locus Phenotype correction | Ref
BAG3 Disrupted myofibril structure, Yes [69]
reduced protein expression,
impaired contractility
RBM?20 Defective calcium handling, No [70-72]
sarcomere disarray
Desmin DES Abnormal sarcomere No [73]
architecture
Hypertrophic cardiomyopathy
MYH7 Increased cell size, sarcomere No [74,75]
disarray, arrhythmic events,
calcium handling abnormalities
MYBPC3 | Cell hypertrophy, myofibrillar | No [76-79]
disarray, calcium handling
abnormalities
PRKAG2 | Cell hypertrophy, triggered Yes [80]
arrhythmias
Cardio-facio-cutaneous BRAF Cell hypertrophy mediated by No [81, 82]
syndrome abnormal RAS/MAPK signaling
Increased contraction
Leopard syndrome PTPNI1 | Cell hypertrophy, higher No [83]
expression of hypertrophic
genes
Friedreich’s ataxia FXN Disorganized mitochondrial No [84, 85]
(frataxin) | network, impaired iron
homeostasis, aberrant calcium
signaling
Other cardiomyopathies
Arrhythmogenic right PKP2 Desmosomal distortion, No [86-88]
ventricular exaggerated lipogenesis,
cardiomyopathy/dysplasia increased apoptosis
(ARVC/D)
Duchenne muscular DMD Dystrophin deficiency, impaired | No [89]
dystrophy contractility, mitochondrial
damage, and increased apoptosis
Metabolic cardiomyopathy
Diabetic cardiomyopathy Changes in metabolic genes No [90]
expression
Barth syndrome TAZ Increased ROS, mitochondrial Yes [91, 92]
dysfunction with decreased
respiration
Pompe disease GAA Glycogen accumulation No [93-96]
Fabry disease GLA Gb3 accumulation in lysosomes | No [97, 98]
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5.3.1 Dilated Cardiomyopathy (DCM)

Patient-specific iPSC-derived cardiomyocytes carrying mutations in different
DCM-related genes (i.e., TNNT2, TTN, PLN, LMNA, DES, BAG3, RBM20) have
shown characteristic sarcomeric disarray associated with a reduction in contractile
force. Different pathophysiological mechanisms have however been reported,
depending on the role of mutated protein.

5.3.1.1 Sarcomeric Proteins

Cardiac troponin T mutation (TNNT2) was the first explored using iPSC [60-63]. In
line with its essential role in the sarcomere organization, mutated iPSC-derived car-
diomyocytes show ultrastructural abnormalities with scattered distribution of Z
lines. In addition, these cells exhibited impaired calcium handling, decreased toler-
ance to beta-adrenergic challenge, and reduced contractile force [62]. It was further
demonstrated that the mutated TNNT2 caused the cardiomyopathy by nuclear trans-
location and epigenetic activation of PDE2A and PDE3A genes that leads to cardiac
dysfunction by blunting the inotropic cyclic AMP pathway. Pharmacological inhibi-
tion of PDE2A and PDE3A attenuated the phenotype [63] as well as the use of a
myosin activator [61].

In another study [64], DCM caused by mutations that truncate the sarcomere
protein titin (TTN) was modeled using iPSC-derived engineered cardiac microtis-
sues. This technology offers the advantage to induce a better maturation of cardio-
myocytes and to offer a more suitable platform to measure contractility and
relaxation parameters as compared to cells in monolayers. In this study, the sarco-
mere disarray and the impaired contractility were reproduced [64]. In addition, dif-
ferent types of mutations were modeled with different levels of cardiac dysfunction
in line with clinical observations. This indicated that iPSC technology can also be
used for prognostication of titin-related DCMs.

5.3.1.2 Calcium Handling Proteins

A mutation in the coding region of the phospholamban (PLN) gene (R14del) was
modeled in iPSC [65, 66]. Heterozygous patients exhibit left ventricular dilation
and ventricular arrhythmias. At the cell level, patient-specific iPSC-CMs exhibit
abnormal calcium cycling with electrical instability and arrhythmic events [65]. The
mutation was associated with an abnormal distribution of PLN protein. Using
3D-engineered cardiac tissues, it was further shown that the mutation directly
impairs contractility [66]. These phenotypic abnormalities were reversed after gene
correction [65, 66].
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5.3.1.3 Other Proteins

In separate studies, iPSC-CMs carrying DCM-associated mutations in lamin A/C
(LMNA) [67, 68], the co-chaperone BCL2-associated athanogene 3 (BAG3) [69],
the spliceosome RNA-binding motif protein 20 (RBM20) [70-72], or the desmin
(DES) [73] genes also demonstrated typical morphological and functional
abnormalities.

5.3.2 Hypertrophic Cardiomyopathy (HCM)

HCM is characterized by an asymmetrical left ventricular hypertrophy which results
in higher risk of life-threatening ventricular arrhythmias and higher risk of heart
failure. About 70% of HCM are explained by mutations affecting either the beta-
myosin heavy chain (MYH7, 35%) or the cardiac myosin-binding protein C
(MYBPC3, 35%), two essential components of the sarcomere (Fig. 5.2b). iPSC-
CMs carrying HCM-associated mutations in both genes were generated and found
to recapitulate some features of the disease, including increased cell size, sarcomere
disarray, and arrhythmic events [74—79]. Abnormal calcium handling and intracel-
lular calcium elevation appeared as key pathological mechanisms that can be
improved by the calcium channel blocker verapamil [75]. Gene replacement in
iPSC-CM carrying a MYBPC3 mutation was also associated with a partial restora-
tion of HCM phenotype [78].

HCM can also be observed in dysmorphogenetic disorders, such as the cardio-
facio-cutaneous syndrome or the Leopard syndrome, or in genetic condition such as
Friedreich’s ataxia. HCM associated with these conditions was modeled using iPSC
technology [81-84]. HCM-associated mutations in BRAF were investigated in
3D-engineered tissues, showing a hypertrophic phenotype with increased tissue
size, contraction, and relaxation rates [81].

5.3.3 Other Cardiomyopathies

Patient-specific iPSC-CMs carrying mutations in the desmosomal protein pla-
kophilin-2 (PKP2) were generated to model arrhythmogenic right ventricular car-
diomyopathy [86—88]. These cells exhibited some of the features observed in ARVC
including desmosome disorganization and increased lipogenesis and apoptosis but
after stimulation with a lipogenic cocktail [87]. Modeling ARVC is however chal-
lenging because of its adult-onset phenotype and potential triggers of unknown
nature.
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5.4 Modeling Metabolic Cardiomyopathy

Metabolic cardiomyopathies can be caused by different disturbances in metabolism,
among which diabetes mellitus is the most prevalent. Diabetes can indeed change the
metabolism of fatty acids, the main source of energy in the heart. The inefficient energy
production leads to an impaired excitation-contraction coupling that favors cardiac
dysfunction. However, metabolic cardiomyopathy can also appear as a manifestation
of systemic metabolic diseases caused by deficiencies of various enzymes in a variety
of metabolic pathways. Even if metabolic disorders account for a minority of cardio-
myopathy cases, defects in mitochondrial oxidative phosphorylation (Barth syndrome),
glycogen-related disorder (Pompe disease), and lysosomal diseases (Fabry disease) are
frequently associated with cardiac findings and were modeled using iPSC (Table 5.3).

5.4.1 Diabetic Cardiomyopathy

In a single study, iPSC-derived cardiomyocytes were placed for a prolonged time in
a diabetic milieu consisting of a combination of glucose, ET-1, and cortisol [90].
Transcriptomic profiling revealed consistent changes in metabolic genes and sug-
gested that this chemical stimulation can induce a phenotypic surrogate of diabetic
cardiomyopathy.

5.4.2 Barth Syndrome

Barth syndrome (BTHS) is a mitochondrial disorder caused by mutation in the
tafazzin (TAZ) gene, encoding for a key mitochondrial protein involved in altering
a fat called cardiolipin. Barth syndrome is characterized by the presence of a dilated
cardiomyopathy with weakness in skeletal muscles. Investigations in cells and engi-
neered tissues using BTHS iPSC-derived cardiomyocytes revealed typical meta-
bolic (excess accumulation of ROS), structural (irregular sarcomeres), and functional
(decreased contractility) abnormalities [91, 92].

5.4.3 Pompe Disease

Pompe disease is an autosomal recessive lysosomal storage disease caused by mutations
in GAA, the gene coding for the glycolytic enzyme a-glucosidase, which lead to glyco-
gen accumulation in myocytes as well as in iPSC-derived cardiomyocytes [94-96].
Using the iPSC model, mass spectrometry analysis of N-linked glycans further revealed
that Pompe cardiomyopathy could be caused by a glycan-processing abnormality [94].
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5.4.4 Fabry Disease

Fabry disease is an X-linked recessive lysosomal storage disease that is caused by
mutation in GLA, resulting in a deficient or absent activity of the enzyme
a-galactosidase A. Consequently, there is a progressive lysosomal accumulation of
globotriaosylceramide (Gb3) in a variety of cell types including cardiomyocytes.
This Gb3 accumulation was found in the lysosomes of Fabry iPSC-derived cardio-
myocytes [97, 98]. It was further demonstrated that substrate reduction therapy via
glucosylceramide synthase inhibition (ibiglustat) was able to prevent accumulation
and to clear lysosomal GL-3 in cardiomyocytes [98].

5.5 Modeling Drug Responses in iPSC-Derived
Cardiomyocytes

5.5.1 Pharmacological Testing in Diseased iPSC-Derived
Cardiomyocytes

Different studies have used patient-specific iPSC-derived cardiomyocytes as a plat-
form for pharmacological testing of available or novel drugs, especially in studies
on channelopathies. For instance, the use of calcium channel blockers was shown
protective in LQT1 and LQT?2 [18, 22], as assessed by significant reduction in action
potential duration and cellular arrhythmogenic events. In one study [31], it was
further proposed to adjust therapeutic interventions of the clinical level according to
drug actions observed in iPSC-derived cardiomyocytes. The patient presented with
a complex genetic form of LQTS associating mutations in two major cardiac ion
channels (i.e., SCN5A affecting the NA+ currents and KCNH2 affecting the potas-
sium Iy, current). Investigations in patient-specific iPSC-derived cardiomyocytes
revealed a predominant role of the late Na+ channel current in the cellular pheno-
type, which was consequently improved by the use of a specific Na+ channel
blocker. Administration of this Na+ channel blocker to the patient resulted in an
improved management of arrhythmias. This study exemplified the use of iPSC tech-
nology to guide treatments in a given patient, a scenario that however remains
unusual in clinical practice.

On the other hand, iPSC-derived cardiomyocytes revealed as a powerful tool to
identify therapeutic actions of compounds with novel mechanisms of action. In a
first study using LQT1 patient iPSC-CM, a novel small molecule designed as
affecting potassium channel activator (called ML277) was shown to reverse the
decreased Iy, potassium current and to partially normalize action potential dura-
tion, thereby indicating a therapeutic potential in LQT1 patients [15]. Similarly in
another study, a novel small molecular (LUF7346) acting as a hERG/iKr allosteric
modulator was tested on a library of isogenically matched, diseased, and geneti-
cally engineered iPSC from normal, LQT1 and LQT?2 patients [17]. Even if hERG
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(KNCH?2) is primarily involved in LQT?2, the hERG allosteric modulator was found
to rescue all of the conditions, thus further showing the interdependence of the dif-
ferent cardiac currents.

Patient-specific iPSC-derived cardiomyocytes can also be used to further demon-
strate unanticipated anti-arrhythmic effects of some drugs designed for another pur-
pose. In a very elegant study [100], lumacaftor (a drug acting as a chaperone during
protein folding and initially developed to treat cystic fibrosis by enhancing CFTR
channel trafficking to the membrane) was shown to have anti-arrhythmic effect in
iPSC-CM from patients with LQT?2. Interestingly, the authors used a panel of iPSC
from five patients with two different classes of KCNH2 mutations: some of the
mutations (class 1) were previously found to disrupt the channel synthesis, while
some other mutations (class 2) affected the channel intracellular transport to the cell
membrane. By enhancing hERG trafficking to the cell membrane, lumacaftor was
able to improve cardiac repolarization in iPSC-CM from patients with class 2 muta-
tions. However, an additional and unanticipated action on calcium handling in all
types of iPSC-derived cardiomyocytes was also observed, thus supporting a poten-
tial therapeutic action all LQT2 patients and particularly those with class 2 muta-
tions [100].

Similarly, different pharmacological testings were performed on CPVT iPSC-
derived cardiomyocytes with the objective of fixing the abnormal calcium leakage
at the ryanodine receptor level. Dantrolene, a commercially available muscle relax-
ant with inhibitory action on RYR2, was thus proved effective in reducing aberrant
calcium release from the sarcoplasmic reticulum, thereby reducing the arrhythmic
events in these cells [42]. S107 is benzothiazepine derivative with a mode of action
that consists of stabilizing the closed state of the ryanodine receptor 2. Preincubation
of CPVT iPSC-derived cardiomyocytes significantly decreased the occurrence of
arrhythmias in response to beta-adrenergic stimulation [46].

5.5.2 Cardiovascular Pharmacogenomics

Another question that can be addressed using the iPSC technology is modeling
inter-patient variability in the response to a given drug. This includes cardiotoxic
effects that usually develop in a limited number of subjects with a predisposing
genetic background [101]. In contrast to studies modeling familial cardiomyopa-
thies, the exact genetic determinants of this particular drug cytotoxic response are
most of the time unknown (i.e., probably based on a the additive effect of different
genetic polymorphisms), but combining pharmacology, genomics, and iPSC tech-
nology has proven helpful in reproducing drug-induced cardiovascular side effects
in vitro. A first example is drug-induced long QT, a pharmacogenomic syndrome
that mimics congenital long QT but is primarily induced by drugs in apparently
healthy subjects [102]. It is thought that these individuals have a limited cardiac
repolarization reserve. In a prospective study in 96 subjects, iPSC-derived cardio-
myocytes were generated from patients presenting in vivo with extremely low
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(n =10) or high (n = 10) changes in cardiac repolarization in response to a phar-
macological challenge with sotalol (a hERG blocker) [103]. In vitro, the responses
to sotalol were highly variable but strongly correlated with the inter-individual
differences observed in vivo. This illustrates the potential of using a genetically
diverse panel of subject-specific iPSCs to model complex and acquired pheno-
types. In addition, transcriptomic profiling of these cells identified significant
changes in the expression of genes involved in downstream regulation of cardiac
repolarization machinery [103]. This proposes a new mechanism underlying high
sensitivity to sotalol, but whether this translates to other drugs inducing long QT
remains to be proven.

Similarly, patient-specific genetic variations have been shown to affect the occur-
rence of doxorubicin-induced cardiotoxicity. Doxorubicin is an antineoplastic drug
commonly used in other chemotherapy agents in patients with breast cancer. Using
a library of iPSCs from female patients who experienced doxorubicin-induced heart
failure, it was shown that the predilection to develop doxorubicin-induced cardio-
toxicity can be reproduced in iPSC-CMs with decreased cell viability and mito-
chondrial and metabolic function when exposed to doxorubicin as compared to
control iPSC-CMs [104]. An increased reactive oxygen species (ROS) production
was observed in the predisposed iPSC-CMs.

These two studies illustrate the potential of iPSCs technology for the prediction
of individual risk and for its use in precision medicine. However, it remains to be
demonstrated that this approach can be applied prospectively to adjust medications
according to an individual’s profile of predicted reactions using its iPSC.

5.6 Future Developments and Conclusions

Collectively, multiple studies have now demonstrated that patient-specific iPSC-
CMs can serve as disease modeling of cardiomyopathies and drug discovery plat-
forms. Diseased hiPSC-CMs can recapitulate some clinical phenotypes, including
arrhythmias and contractile dysfunction, as observed in the patients from which the
cells were derived. This was particularly developed in the context of monogenic
cardiomyopathies, but more recent studies also suggest that iPSC-CMs can also be
used to assess the unique interactions between individual patients’ genetic back-
grounds and environmental or pharmacological factors.

However, it is likely that the full potential of iPSC for modeling of cardiac disor-
ders has still not been reached. First, the iPSC-derived cardiomyocytes are function-
ally immature as compared to their adult mature counterparts [105]. One of the
major challenges hindering full realization of iPSC-derived myocytes thus relates to
uncertainties in the maturation status of the myocytes (at the biochemical, electro-
physiological, and mechanical levels) and future improvements in this field might
revealed extremely important to achieve better disease modeling. The combination
of iPSC technology with bioengineering techniques is an encouraging approach by
improving iPSC-CMs maturation and providing a more suitable platform for the
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measurement of cardiac functional parameters (including contraction and relax-
ation) [66, 106—108]. Second, there is diversity of endpoints that have still not been
fully investigated in iPSC-CMs. Most of the current studies have primarily focused
on electrophysiological and architectural characterization of the generated cells, but
the description of other key determinants of cardiomyocytes function is only start-
ing. This notably includes mitochondrial and metabolic activities or relaxation and
cell stiffness. In addition, there is a need for developing standardized protocols
mimicking the cardiac pathological environment. For instance, exploring the
response of iPSC-CMs in different conditions of mechanical stretch has only been
recently proposed, whereas the mechanosensitivity plays a critical role in the devel-
opment of cardiomyopathies [60, 109]. All of these future developments will further
push iPSC into a more physiological cardio-mimicking model.
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Chapter 6

Endogenous Signal-Responsive Transgene
Switch Systems for Visualization

and Purification of Specific Cells

Hideyuki Nakanishi and Hirohide Saito

Abstract Induced pluripotent stem cells (iPSCs) are induced to differentiate into
target cells, and these differentiated cells are used for regenerative medicines or
drug discovery. Using endogenous signal-responsive transgene switch systems, sci-
entists can visualize different differentiation states and purify targeted cell types.
These systems are composed of transgenes and binding domains of cell-specific
proteins or miRNAs to detect endogenous molecules and regulate transgene expres-
sion. In this chapter, we describe the designs, operations, and applications of switch
systems.

Keywords RNA binding protein - microRNA - Synthetic biology - Stem cell
Differentiation - Imaging - Cell purification - Reporter gene - In vitro transcription
Regenerative medicine - Modified mRNA - Translation

6.1 Introduction

iPSCs have the potential to differentiate into various cell types. These differentiated
cells can be used for many applications including regenerative medicine and drug
discovery. However, because the differentiation process is imperfect, unwanted
cells such as undifferentiated or differently differentiated cells can contaminate the
population and cause adverse effects such as tumor formations, loss of therapeutic
effects, or erroneous drug evaluation.

To overcome this problem, our group has recently developed transgene-expression
switch systems that are composed of engineered messenger RNAs (mRNAs) or plas-
mid DNAs (pDNAs). These nucleic acids respond to cell state-specific signals, such
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as endogenous proteins or microRNAs (miRNAs). Thus, these systems enable us to
visualize the cell state during differentiation and purify specific cell populations,
such as iPSC-derived cardiomyocytes or neurons. In this chapter, we describe the
design and application of both miRNA- and protein-responsive transgene switch
systems.

6.2 Visualization of Differentiation States and Purification
of Specific Cells Using Fluorescent Protein Expression
Switches

6.2.1 Endogenous Protein-Responsive Switches that Regulate
Fluorescent Protein Expression

Various cell-specific RNA binding proteins regulate translation, miRNA biogenesis,
mRNA localization, and other biomolecular phenomena that maintain or alter the
cellular state [1-4]. Our group previously developed a transgene switch system that
responds to the archaeal RNA binding protein L7Ae [5—-10]. In this system, pDNAs
or in vitro transcribed mRNAs that contain an L7Ae-binding motif, kink-turn
(K-turn), in their 5’ untranslated regions (UTRs) are transfected into cells. L7Ae is
expressed by the transfected cells and binds to the K-turn to inhibit mRNA transla-
tion. Although this system is effective at repressing translation, visualization of the
differentiation state of mammalian cells is difficult because L7Ae is not a mamma-
lian protein.

Therefore, our group has also developed a mRNA switch that responds to
human endogenous LIN28A [11], which is a highly expressed RNA binding pro-
tein in human pluripotent stem cells (PSCs). The original LIN28 A-binding RNA
sequence (motif) derived from preE-let-7d miRNA was inserted into the 5" UTR
of mRNA that coded a fluorescent protein, Azami-Green. The modified Azami-
Green mRNA was co-transfected with reference mRNA coding another fluores-
cent protein, Kusabira Orange. We expected that any interaction between LIN28A
and the LIN28A-binding RNA motif derived from preE-let-7d would repress
translation of the Azami-Green-encoding mRNA and decrease the Azami-Green/
Kusabira Orange expression ratio in Lin28 A-expressing cells, making it possible
to distinguish Lin28A-positive and Lin28A-negative cells by flow cytometry
(Fig. 6.1a). However, the original Lin28 A-binding RNA motif did not efficiently
repress translation of the Azami-Green-encoding mRNA in Lin28A-expressing
cells. As a next step, we stabilized the secondary structure of the LIN28 A-binding
motif by increasing the GC-content of the stem region. The new Lin28 A-binding
motif (stbC) efficiently repressed translation of the Azami-Green mRNA and
clearly distinguished two types of cells, human iPSCs (hiPSCs) and differentiated
cells (Fig. 6.1b).
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Fig. 6.1 Distinction of iPSCs and differentiated cells using LIN28A-responsive switches. (a)
Scheme to distinguish cells using protein-responsive switches. The translation of protein-responsive
mRNAs is repressed by the binding of target proteins at protein-binding motifs. Reference mRNAs
are co-transfected to compensate transfection efficiencies. (b) The distinction of iPSCs and differen-
tiated cells by using original (preE-let7d) or stabilized (stbC) LIN28 A-binding motifs

6.2.2 miRNA-Responsive Fluorescent Protein Expression
Switch

miRNAs are small noncoding RNAs that repress translation or induce mRNA
degradation by binding to complementary (or partially complementary) mRNA
sequences. To date, more than 2500 miRNAs have been reported in human cells,
and their activity differs among cell types [12].
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We have developed miRNA-responsive, fluorescent protein expression switches
to distinguish cell types [13-16]. To construct miRNA-responsive switches, we
inserted the complete complementary sequences of miRNAs into the 5" or 3" UTRs
of mRNAs that code fluorescent proteins. If switch-transfected cells highly express
the target miRNAs, these miRNAs should bind their complementary sequences and
inhibit translation of the fluorescent protein by cleaving the mRNA.

As in the case of protein-responsive switches, miRNA-responsive mRNAs were
co-transfected with mRNA coding another fluorescent protein (reference mRNA),
and the expression ratio of the two fluorescent proteins was analyzed by flow cytom-
etry. To distinguish and purify cardiomyocytes derived from hiPSCs, as an example,
mRNAs with complementary sequences for hsa-miR-1-3p, 208a-3p, and 499a-5p,
which are highly active in human cardiomyocytes, were synthesized by in vitro
transcription [13]. miRNA-responsive mRNAs coding blue fluorescent protein
(BFP) were co-transfected with reference EGFP mRNA into hiPSC-derived cells
including cardiomyocytes and other cell types. Flow cytometry analysis revealed
two distinct cell populations based on the BFP/EGFP expression ratio. Cells were
sorted by fluorescence-activated cell sorting (FACS) according to the BFP/EGFP
ratio (Fig. 6.2), and the expression of cardiac troponin T (¢TNT), which is a marker
protein of cardiomyocytes, in each population was analyzed. While cTNT-positive
cells were abundant in the low BFP/EGFP ratio (i.e., high miRNA activity) popula-
tion, these cells were rare in the high BFP/EGFP ratio (i.e., low miRNA activity)
population. Therefore, miRNA-responsive switches enable not only the distinction
of cell types but also the sorting of types. The effectiveness of miRNA-responsive
switch-mediated sorting was also validated by the sorting of endothelial cells, hepa-
tocytes, and insulin-producing cells when using switches that respond to miRNAs
specific to each cell type [13].

miRNA-responsive switches also enable the continuous visualization of the dif-
ferentiation process. For this purpose, transfection of in vitro transcribed mRNAs is
not suitable because of their short expression time. Therefore, we constructed DNA-
based integrative vectors that express both miRNA-responsive Azami-Green and
reference tagRFP mRNAs (Fig. 6.3a) [16]. To transcribe the same amount of tagRFP
and Azami-Green mRNAs, the vector is designed to transcribe the two reporter
genes as a single mRNA. After transcription, the two reporter genes are separated
by RNaseP/Z-mediated cleavage. For efficient genomic integration, the reporter
genes were inserted between two inverted repeat sequences (IRs) of the piggyBac
transposon. When the vector is co-transfected with piggyBac transposase expres-
sion vector, the transposase excises the region enclosed by the two IRs from a pDNA
and integrates it into a genome. For continuous visualization of hiPSC differentia-
tion, we constructed a vector that responds to hsa-miR-302a-5p, which is highly
active in PSCs but not in differentiated cells. After the transfection and integration
of the vector, spontaneous differentiation of hiPSCs was induced, and the fluores-
cent microscopic images of these cells were continuously captured. Because hsa-
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switch. (a) The vector design of piggyBac-based miRNA-responsive switches. Reference and
miRNA-responsive reporters are transcribed as a single mRNA. After transcription,
RNaseP/Z-mediated cleavage separates the two reporter genes. (b) Time-lapse images of differen-
tiating cells. Differentiation was induced by culturing the cells in medium lacking basic
FGF. Images were captured every 3 h, and the ratio of hmAG1/tagRFP is shown as pseudo-colors

miR-302a-5p activity decreases during differentiation, the miRNA-mediated
repression of Azami-Green is alleviated, and the Azami-Green/tagRFP ratio is
increased. Calculation of the ratio enabled the visualization of the differentiation
time course of hiPSCs (Fig. 6.3b). The vector can also be adapted for the visualiza-
tion of differentiation to specific cells by simply exchanging the complementary
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sequence of the miRNA. For example, we visualized cardiomyocytes using a hsa-
miR-208a-3p-responsive switch vector [16]. Because the DNA-based integrative
switch system enables repetitive checks of the differentiation status by a single
transfection, it reduces the labor and cost of nonclinical applications such as screen-
ings for optimal differentiation conditions.

6.3 Elimination of Undesired Cells Using Cell-Specific
Killing Switches

6.3.1 Elimination of miRNA-Positive Cells Using an Antibiotic
Gene Expression Switch

Because FACS is unsuitable for the large-scale purification of cells, our group has
developed cell-selective killing switches that enable the purification of specific cells
as an alternative. The contamination of undifferentiated iPSCs risks causing tumor
formation after cell transplantation. For the selective killing of iPSCs, we designed
miRNA-responsive puromycin-resistant gene expression switch. The switch mRNA
codes the puromycin-resistant gene and contains the complementary sequence for
hsa-miR-302a-5p at the 5" UTR. Because hsa-miR-302a-5p is highly active in
iPSCs, the translation of the puromycin-resistant gene is repressed to leave the cells
puromycin-sensitive. In contrast, the activity of hsa-miR-302a-5p is low in differen-
tiated cells. Therefore, the puromycin-resistant gene is efficiently translated, which
makes the cells puromycin-resistant. To selectively eliminate iPSCs, we added the
switch to the coculture of iPSC-derived neurons and undifferentiated iPSCs.
Transfection of the switch and subsequent treatment with puromycin selectively
eliminated TRA-1-60-positive iPSCs (Fig. 6.4a) [15].

6.3.2 Elimination of miRNA-Negative Cells Using Apoptosis-
Inducing Gene Expression Switches

A system that eliminates miRNA-negative cells is useful for purifying desired
miRNA-positive cells. Therefore, we also designed a switch that selectively elimi-
nates target miRNA-negative cell populations. The switch system is composed of
puromycin-resistant gene-coding mRNA and pro-apoptotic protein (Bim)-coding
mRNA. While Bim mRNA contained miRNA target sites, puromycin-resistant
gene-coding mRNA did not.

To purify iPSC-derived cardiomyocytes, we prepared Bim-coding switch mRNAs
that contain target sites for hsa-miR-1-3p or 208a-3p, which are highly active in
human cardiomyocytes. While hsa-miR-1-3p- or 208a-3p-negative cells were killed
by the Bim-mediated induction of apoptosis, cardiomyocytes (hsa-miR-1-3p- and
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Fig. 6.4 Selective elimination of miRNA-positive or miRNA-negative cells using miRNA-
responsive switches. (a) Selective elimination of miRNA-positive cells by an antibiotic-resistant
gene-coding switch. iPSCs and differentiated cells were transfected with hsa-miR-302a-5p-
responsive switch coding the puromycin-resistant gene. Puromycin-resistant gene is selectively
repressed in iPSCs in which hsa-miR-302a-5p is highly active. Immunostaining of TRA-1-60 (a
marker of PSCs) showed selective elimination of iPSCs after treatment with the switch and puro-
mycin. The histogram was modified from Parr et al. [15] under a Creative Commons Attribution
4.0 International License (http://creativecommons.org/licenses/by/4.0/). (b) Selective elimination
of miRNA-negative cells by an apoptosis-inducing gene-coding switch. iPSC-derived cells includ-
ing cardiomyocytes were transfected with the puromycin-resistant gene-coding mRNA and hsa-
miR-208a-3p-responsive switch coding Bim gene. In cardiomyocytes, Bim expression is
selectively repressed by hsa-miR-208a-3p

miR-208a-3p-positive) survived because of the miRNA-mediated repression of Bim.
In addition, it is important to eliminate RNA-untransfected cells. We therefore co-
transfected puromycin-resistant gene-coding mRNA together with Bim switch
mRNA. Although apoptosis is not induced in untransfected miRNA-negative cells
that did not express both Bim and puromycin-resistant genes, these cells are elimi-
nated by the addition of puromycin (Fig. 6.4b). Therefore, we could successfully
enrich cardiomyocytes without using FACS by the transfection of Bim and puromy-
cin-resistant mRNAs and the addition of puromycin [13].

6.4 Cell-Selective Genome Editing

Genome editing is a precise method to modify genomes. In genome editing, the
genome is cleaved by sequence-specific DNA cutting enzymes such as zinc finger
nucleases (ZFNs), transcription activator-like effector nucleases (TALENS), or
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Cas9. Among these enzymes, Cas9 and Cas9-related proteins are currently attract-
ing the greatest attention because of their easiness to adapt arbitrary sequences.
While ZFNs and TALENSs recognize their target sequences by the proteins them-
selves, Cas9 makes a complex with guide RNA (gRNA), and the target-sequence
recognition depends on the gRNA. Therefore, we can make Cas9 cleave arbitrary
target sequences by simply exchanging a short (around 20 bp) target sequence of
gRNA [17]. After the genome cleavage, cellular machinery repairs the genomes by
nonhomologous end joining (NHEJ) or homologous recombination (HR). During
the repair, sequences can be inserted into or deleted from the genome. Therefore,
various alterations of the genome, including the knock-in of transgenes and knock-
out of endogenous genes, can be achieved.

Combining genome editing technology with our miRNA-responsive switch, we
have recently developed a cell-selective genome editing system [18]. In this system,
the target sites of miRNAs were added to the mRNA of Cas9. As was the case for
fluorescent proteins or Bim, Cas9 expression is repressed in miRNA-positive cells.
Therefore, Cas9-mediated genome editing selectively occurs in miRNA-negative
cells. We designed Cas9 mRNA with the target sequence of hsa-miR-302a-5p and
co-transfected it into EGFP-expressing HeLa and hiPSCs with an EGFP-targeting
gRNA. As mentioned in Sect. 6.2, hsa-miR-302a-5p is highly active in hiPSCs.
Therefore, Cas9-mediated knockout of the EGFP gene was repressed in iPSCs, but
efficient knockout of the gene was achieved in HeLa cells (Fig. 6.5).

This cell-selective genome editing system will enable various applications in
basic studies and clinical therapies. For example, undesired cells can be killed by
the knockout of housekeeping genes or knock-in of apoptosis-inducing genes. The
knockout of embryonic lethal genes in specific cells in transgenic animals and the
avoidance of undesired genome editing in germ cells in gene therapy are also prom-
ising applications.

6.5 Design and Preparation of Suitable Switches

Transgene switches can be transfected as either in vitro transcribed mRNAs or DNA
vectors. Both vectors have their advantages and limitations, and the most suitable
vector depends on the application.

In vitro transcribed mRNAs are safer than DNA-based vectors because of short-
term expression time and the absence of genomic integration. Therefore, they are
suitable for clinical application for which safety is paramount. mRNA transfection is
also appropriate to minimize side effects of the transgenes on the cellular state. To
prepare mRNA-based switches, first, DNA templates are designed. The DNA tem-
plates should contain T7 promoter sequence, 5" UTR, a coding region of a suitable
gene, 3’ UTR, and polyA tail (not polyadenylation signals) sequences. Using the
DNA template and T7 polymerase, mRNAs are prepared by in vitro transcription.
Modified nucleotides such as pseudouridine and 5-methylcytosine can be incorpo-
rated into the mRNAS to avoid immune responses. 5’ cap analogs such as Anti-Reverse
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tinuous transgene expression. In a preparation of mRNA-based switches, mRNAs are transcribed
in vitro from DNA templates containing a T7 promoter, a coding region, 5" and 3’ UTRs, and
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Cap Analog (ARCA) are also added to the reaction mixture. After in vitro transcrip-
tion, DNA templates are digested by DNase, and mRNAs are dephosphorylated by
alkaline phosphatase. The length of the obtained mRNAs can be confirmed by elec-
trophoresis. After the preparation, the mRNAs can be transfected into the cells by
transfection reagents such as Stemfect RNA Transfection Kit (Stemgent) or
Lipofectamine MessengerMAX (Thermo Fisher Scientific) (Fig. 6.6).

DNA-based vectors risk insertional mutagenesis by the genomic integration of
transgenes. However, they enable long-term expression of the transgenes, especially
when transposon-based or episomal vectors are used. Therefore, they are suitable
for continuous visualization of the differentiation process. Different from direct
mRNA transfection, the expression from DNA-based vectors can be affected at the
transcriptional level. Especially for long-term continuous visualization, epigenetic
modifications such as DNA methylation or histone modifications can change the
expression ratio of the miRNA-responsive and reference reporter genes, making it
difficult to visualize actual miRNA activity. To avoid this problem, we designed a
vector that transcribes these two reporter genes as a single mRNA, followed by
RNaseP/Z-mediated separation of the two genes [16] (Figs. 6.3 and 6.6). The selec-
tion of promoters is also important. While CMV and RSV promoters are conven-
tionally used in mammalian cells, they are not suitable for use in iPSCs [19]. To
achieve efficient expression in iPSCs, CAG or EF1 promoters are recommended.

To enhance the sensitivity of miRNA-responsive switches, several strategies can
be adopted. First, the target sites of the miRNAs can be inserted into either 5’ or 3’
UTR or both. Insertions into 5" UTRs make the switch more sensitive than into 3’
UTRs. Second, insertions of multiple miRNA target sites can enhance the sensitiv-
ity of switches (Fig. 6.7a). RNA secondary structures may also affect the sensitivity
for target miRNA detection, but the design of highly sensitive switches based on the
regulation of the RNA structure remains difficult [16].
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switches. The histogram was modified from Endo et al. [14] under a Creative Commons Attribution
4.0 International License (http://creativecommons.org/licenses/by/4.0/)

If a single miRNA is not sufficient to distinguish the target cells from other cells,
co-transfection of multiple switches is a possible solution. For example, when com-
paring HeLa and MCF-7 cells, only small differences in hsa-miR-24-3p and hsa-
miR-203a activity between the two types of cells were observed. hsa-miR-24-3p
activity was 1.3-fold higher in HeLa cells than in MCF-7 cells, and hsa-miR-203a
activity was 1.5-fold higher in MCF-7 cells than in HeLa cells. The miRNA activi-
ties of each were insufficient to distinguish these two cell types when the two
switches were used individually. However, co-transfection of both switches and cal-
culation of the ratio of the miRNA activities enabled clear resolution [14] (Fig. 6.7b).

6.6 Conclusion and Future Perspective

The endogenous signal-responsive switch system has several advantages over con-
ventional visualization or purification tools such as genomic transgene knock-in or
antibodies.
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Compared with transgene knock-in, the switch system is relatively safe and
easy to use. When transfecting the switch system as in vitro transcribed mRNAs,
the mRNAs cannot be integrated into the genome. Therefore, different from trans-
gene knock-in, the switch system can be used without the risk of genomic altera-
tions. This feature is especially advantageous when visualizing or purifying cells
for clinical use such as cell transplantation. While fluorescent dye-fused antibodies
can also be used without genomic alterations, the switch system has an advantage
in flexibility. It enables not only the visualization and purification based on fluores-
cence, but also the elimination of harmful or unnecessary cells without using
FACS. We have previously adopted fluorescent protein, antibiotic-resistant, apop-
tosis-inducing, and Cas9 genes for the switch system. Other suitable genes can also
be used by simply exchanging the coding region of the mRNA or pDNA in the
switch system.

In addition, the switch system is easy to design. miRNA-responsive switches can
be adapted to any cell-specific miRNAs by just inserting the complementary
sequences of the miRNAs. The design of protein-responsive switches is not as easy
as miRNA-responsive switches, but the screening of protein-binding RNA motifs
by systematic evolution of ligands by exponential enrichment (SELEX) [20, 21] and
the stabilization of the secondary structures of these motifs based on RNA second-
ary structure predictions [22, 23] may help to design them.

These advantageous features of the switch system will enable various applica-
tions regarding iPSCs. For example, apoptosis-inducing or drug-resistant gene-
coding switches enable the efficient purification of differentiated cells for
transplantation or drug screenings. Visualization of the differentiation efficiency by
fluorescent protein-coding switches will help screen efficient differentiation proto-
cols and elucidate differentiation mechanisms.
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Chapter 7
Precision Genome Editing
in Human-Induced Pluripotent Stem Cells

Knut Woltjen

Abstract The advent of human-induced pluripotent stem cell (hiPSC) technology
enabled researchers to gain access to the various somatic cell types that comprise
the human body, along with the underlying genetic code which details their function
or dysfunction in normal and disease states, respectively. In vitro disease models
based on patient-specific hiPSCs have already demonstrated great potential for elu-
cidating disease mechanisms, drug discovery, and validation of cell replacement
therapies. In certain cases, accurate recapitulation or rectification of the genetic
causes of disease requires the ability to precisely modify just a single base of DNA
among the billions present in the human genome. Together with recent advances in
gene editing technologies such as programmable endonucleases, we are now able to
re-create pathogenic mutations with base precision for more reliable disease mod-
els. Moreover, these combined methods have opened the door to scarless repair of
disease alleles for the future of personal stem cell therapy.

Keywords Human-induced pluripotent stem cell - hiPSC - Gene targeting -
Nuclease - CRISPR/Cas9 - HDR - NHEJ - MMEJ - Disease model - Gene correc-
tion - Isogenic control

7.1 Introduction

Human-induced pluripotent stem cells (hiPSCs) share fundamental properties with
human embryonic stem cells (hESCs), as well as provide new opportunities in bio-
logical and medical applications [1]. Key similarities include characteristics such as
indefinite replication, which addresses the availability of cells as a resource; clono-
genicity, which has significant implications for safety through cell screening,
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selection, and amplification; and stable maintenance of differentiation potential,
enabling the human to be used as an in vitro genetic model via tissue surrogates and
organoids [2]. Uniquely, hiPSCs donated by healthy or diseased individuals simul-
taneously circumvented many ethical debates surrounding hESCs and enabled the
development and banking of personal and public stem cell resources for prospective
therapeutics and disease modeling [3]. While the underlying complexities of human
genetic variation brought the need for isogenic controls in genotype-phenotype cor-
relations, the rise of modern genome editing tools has helped address this need.

Recent advances in the development of programmable endonucleases such as
zinc-finger nucleases (ZFNs), transcription activator-like effector nucleases
(TALENS), and clustered regularly interspaced short palindromic repeats (CRISPR)/
Cas9 [4] have enabled researchers to more easily manipulate the genome of healthy
donor or patient-derived hiPSCs [5, 6]. With such tools in hand, we are free to create
mutations associated with disease pathogenesis for in vitro modeling or even correct
causative mutations for eventual autologous therapeutic applications using a patient’s
own hiPSCs or differentiated derivatives. This chapter will provide an overview of
programmable nuclease applications to stimulate cellular DNA repair for the pur-
pose of precisely modifying target genomic loci. How nuclease delivery methods
and the identity of the designer DNA template impact the process will be discussed.
Methods designed to enrich desirable mutations will be highlighted, along with
some of the peculiarities of gene editing using the hiPSC as a genetic model.

7.2 Creating Genomic DSBs

It has long been known that the induction of a double-strand break (DSB) using
site-specific restriction endonucleases significantly stimulates endogenous DNA
repair responses at transgenic target sites [7]. Subsequent efforts to generate
recombinant proteins capable of targeting endogenous genomic sites employed a
combined knowledge of zinc-finger DNA binding proteins [8] and the separable
DNA cleavage domain from FokI [9], giving rise to the first programmable nucle-
ases, the ZFNs (Fig. 7.1a) [10]. The early days of ZFNs were faced with challenges
in zinc finger assembly and difficulties in de novo prediction of DNA binding
parameters due to the complexities of neighboring finger: finger interactions [11],
such that assisted gene targeting in hESCs and hiPSCs with ZFNs, remained a
method reserved primarily to the elite [12]. In 2009, the 1:1 protein/DNA binding
code for transcription activator-like effectors (TALEs) from plant pathogenic bac-
teria gave rise to a new species of simpler programmable DNA binding domains
(Fig. 7.1a) [13, 14]. Combined with the same dimerizing Fokl nuclease domain
employed by ZFNs, TALENs were shown to generate targeted DSBs first in yeast
[15] and shortly thereafter in hiPSCs to stimulate gene targeting [16]. Both ZFNs
and TALENSs have continued to evolve as gene editing tools and are still considered
to have high specificity due to their strict requirement to bind in pairs before cleav-
age of the target site [17].
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Fig. 7.1 Creation and repair of DNA double-strand breaks. (a) Schematic diagrams of ZFN,
TALEN, and CRISPR programmable nucleases, indicating their unique DNA recognition systems
and cleavage activities. (b) Three major repair outcomes mediated by cellular DSB repair machin-
ery. HDR is a high-fidelity template-driven process, while NHEJ results in the formation of indels.
MME] uses tandem homology, resulting in predictable deletions

The success of ZFNs and the more predictable binding properties of TALENs
primed the field for a revolution in programmable DNA binding which arrived in
2012 in the form of CRISPR/Cas9 [18]. Particularly, the key effector molecule of
the Streptococcus pyogenes (Sp) CRISPR antiviral adaptive immune system,
SpCas9, has been most broadly adopted. In 2012 Jinek et al. characterized in vitro
SpCas9 cleavage activity and engineered its associated crRNA and tracrRNA mol-
ecules—required for DNA binding specificity of the ribonucleoprotein (RNP) com-
plex (Fig. 7.1a)—to generate a single-guide RNA or sgRNA [18]. Through a
variable 20 nt region of the sgRNA sequence, the SpCas9-sgRNA RNP can be made
to recognize a corresponding target genomic region where the only requirement is a
downstream “NGG” sequence known as the protospacer adjacent motif (PAM).
Recognition of the 20 nt target site and PAM was shown to induce DNA cleavage in
mammalian cells, as well as stimulate gene targeting [19, 20]. These initial develop-
ments helped to democratize programmable nucleases through simplicity of design
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and application. Since then, SpCas9 has maintained a strong lead among a plethora
of newly discovered bacterial endonucleolytic ribonucleoproteins, each with their
own unique variations on target site recognition, gRNA structure, PAM require-
ments, nuclease domains, and DNA or RNA cleavage patterns [21]. Beyond this,
SpCas9 continues to be engineered extensively for properties such as improved on-
target and reduced off-target activity [22], as well as broader PAM specificity [23—
25], solidifying its lead role in genome editing.

7.3 Repairing Genomic DSBs

Engineered programmable nucleases are intended to act through stimulation of
endogenous DSB repair (DSBR) pathways in order to enhance genome editing. The
molecular mechanisms of DSB recognition and repair are context-dependent, vary-
ing among cell types and states. The known molecular mechanisms of DSBR are
described at length in [26]. Relevant to the goals of this chapter, the endogenous
responses to a genomic DSB may be categorized by their outcomes, suggesting
three major pathways to DSB resolution (Fig. 7.1b).

Homology-directed repair (HDR) is a process that employs DNA templates
homologous to sequences flanking the DSB to faithfully repair the broken chromo-
some (Fig. 7.1b, left) [26]. This is the core principle of homologous recombination
(HR) for classic gene targeting [27-29] and typically the desired pathway to achieve
precision gene editing. Resolution of DSBs by HDR is proceeded by recognition
and end resection mediated by the Mrel1-Rad50-Nbs1 (MRN) endo-/exonuclease
complex, initiating a process in which further end processing by Exol and CtIP is
essential [30]. RPA binds exposed regions of single-stranded DNA (ssDNA), and
Rad51 promotes strand invasion for incorporation of the template sequence.
Natively, the template for repair is the newly replicated sister chromatid, while in an
experimental setting, exogenous template DNA is provided simultaneously with
active nuclease.

Following the principles of classic gene targeting [27-29], custom template
DNA for HDR is often provided as double-stranded DNA (dsDNA) in the form of a
covalently closed circular plasmid (Fig. 7.2a). Alternatives include linear dsDNA
fragments generated by restriction or PCR [31] or nicked circular templates [32]
which have been demonstrated to stimulate higher HDR repair rates. Mimicking
processed HDR intermediates, long ssDNA generated by reverse transcription of
RNA, or strand-specific DNA digestion has also been shown to improve targeting
[33]. Obviating the need for cloning or enzymatic preparation, and therefore popu-
lar for their simplicity, synthetic single-stranded oligodeoxynucleotides (ssSODNs)
of ~100-200 bp in length have been employed extensively as HDR templates in
multiple cell types, including hiPSCs [34-38]. While most studies opt to design
ssODNs with symmetric homology across the DSB site, some suggest that asym-
metry and strand specificity may be more compatible with repair of SpCas9-
generated DSBs by improving annealing and invasion [39]. A second study
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Fig. 7.2 Strategies for the removal of selection markers from the genome. Selection markers
encoding antibiotic resistance genes or fluorescent proteins are effective to enrich for HDR events
yet require additional strategies for their subsequent removal. Two standard methods, Cre/loxP and
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method, MhAX, employs duplication of endogenous sequences for traceless removal of
transgenes

examining the phenomenon of asymmetry found that short, 30 bp 3’ arms were
most efficient, irrespective of the strand [40]. In fact, longer dsSDNA templates gen-
erated with similar 30 bp ssDNA overhangs improved rates of large modifications
in both HEK293 and hiPSCs, implying a common repair pathway for the two tem-
plate types.

Nonhomologous end-joining (NHEJ) is a repair outcome attributed to the recog-
nition of DSBs by Ku 70/80, a protein complex expected to prevent MRN-mediated
end resection and rather promote religation of broken ends by DNA ligase IV. Unlike
HDR, NHEJ has no requirement for homology and no mechanism to reconstitute
the loss of sequence information from DSB ends (Fig. 7.1b, center). Although accu-
rate repair is possible, NHEJ is generally accepted to be an error-prone pathway,
resulting in random insertions and deletions (indels) of various sizes through the
joining of imperfect DSBs following nuclease cleavage. Thus, NHEJ can be a desir-
able outcome for gene disruption by creating knockout alleles using single or paired
guide RNAs [41]. However, due to the formation of indels, NHEJ is often consid-
ered to generate nonproductive outcomes competing with the precision of HDR.

Microhomology-mediated end joining (MMEJ) represents a third prominent
repair outcome (Fig. 7.1b, right). MMEJ is thought to occur when, following MRN-
and CtIP-mediated end resection, short tandem homologous sequences of a few or
more bases in length are exposed within the ssDNA regions on either side of the
DSB. If the resulting microhomologous ssDNA is not bound by RPA [42], they pair
to direct DSBR in a DNA synthesis-dependent manner involving polymerase theta
(POLQ) [43]. The resulting mutation is a precise deletion of one copy of the micro-
homology along with the intervening sequence (Fig. 7.1b, right). Microhomology
has been associated with the formation of human pathogenic deletions and translo-
cations [44]. Reproducible deletions have been observed following CRISPR/Cas9
treatment of multiple cell types in culture [45], implicating the surrounding genomic
DNA context at particular target loci in determining repair outcomes. Systematic
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analyses using artificial or endogenous loci with microhomologies have verified a
prominent role of MMEIJ in defining DSBR outcomes [46] and established that
MME] is an especially prevalent pathway in hESCs and hiPSCs [47]. Thus, the
sequence context of a DSB has a significant impact on the repair outcome, knowl-
edge of which may be used to select appropriate nuclease target sites in order to bias
DSBR outcomes toward particular types of mutations [48, 49].

7.4 Modulation of DSBR

Beyond the local sequence context, the cell state and timing of nuclease expression
can influence the choice of DSBR outcomes. For example, the activity of MRN and
therefore HDR is known to be closely linked to the cell cycle [26], and a high pro-
portion of hESCs and hiPSCs are found in S phase [50], potentially explaining the
normally high levels of HDR and MMEJ seen in pluripotent cells. Further enhanc-
ing this phenomenon, synchronization with nocodazole at M phase prior to trans-
fection was seen to marginally improve repair rates in HEK293T cells and hESCs
[51]. Others have made use of chemical inhibition of NHEJ components [52] or
protein overexpression [53, 54] with the intention to bias repair toward HDR. While
providing measurable improvements to HDR outcomes, these approaches should be
used with caution, as global impairment of DSBR may compromise overall genomic
stability.

Protein engineering of SpCas9 that limits or augments its activity provides a
more refined approach to regulate DSBR outcomes at the site of nuclease cleavage.
For example, posttranslational regulation of SpCas9 activity during the cell cycle
was achieved by fusing SpCas9 to the protein Geminin [55]. Geminin is selectively
degraded in G1 phase, such that SpCas9 activity peaked during S-G2-M phases,
supporting nearly twofold higher levels of HDR. Two strategies aimed to accumu-
late repair machinery at the site of nuclease cleavage through either direct fusion of
a CtIP sub-fragment to SpCas9 [56] or recruitment of an MS2-CtIP fusion protein
to MS2 RNA loops in modified sgRNA [57]. In either case, the levels of on-target
HDR or MMEJ were reported to be higher than cleavage with SpCas9 alone.
Variations on these approaches may make it possible to influence DSBR locally,
without having global effects on genome stability.

7.5 Delivery of Nucleases to hiPSCs

As demonstrated in the first applications of CRISPR/Cas9 in mammalian cell cul-
ture, plasmid vectors remain one of the most common methods for delivery of polll-
driven SpCas9 and pollll-driven sgRNA expression cassettes [19]. Moreover,
plasmid vectors can be engineered to encode additional functions such as fluores-
cence or drug selection that are valuable for cell enrichment, as described in the
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section below. On the other hand, SpCas9/sgRNA RNP complex can be assembled
in vitro from recombinant Cas9 protein and synthetic sgRNAs (or crRNA with
tractrRNA), and high-quality components are available from multiple commercial
sources. RNP delivery with or without a template DNA can be achieved using
chemical transfection or electroporation, and optimized delivery protocols have
been developed for various cell types including hESCs and hiPSCs [58]. Unlike
plasmids, which continue to produce nuclease over a period of days, RNP transfec-
tion provides a finite amount of nuclease resulting in a more immediate and acute
effect. For NHEJ-mediated knockout, RNP delivery has proven lucrative, and with
optimization template-mediated HDR using RNP has shown promising results [40].

Transgenic hiPSC lines with constitutive or drug-regulable expression of SpCas9
are a potent alternative to transient transfection. For example, TALEN-mediated
knock-in of a tetO promoter-driven SpCas9 along with the dox-responsive rtTA to
the AAVSI locus in hESC lines gave rise to an inducible gene editing system
referred to as iCRISPR [59]. The iCRISPR system achieved gene knockouts up to
60% and gene editing with ssODN templates up to 10% [59] and was demonstrated
to aid in the construction of fluorescent reporter alleles without drug selection in
hESCs [60]. AAVSI is considered a safe-harbor locus with reliable expression, and
no phenotypic consequence is known for hetero- or homozygous transgene inser-
tion [61]. Still, as integration into AAVS1 requires additional screening efforts to
determine correctly targeted cell lines, others have taken a more tractable approach
to transgenesis using piggyBac transposition for tetO::SpCas9 delivery [62].
Efficiencies of 40-50% for NHEJ-mediated gene knockout and 10-20% for HDR-
mediated gene targeting with ssODNs were reported using piggyBac transgenesis.
Moreover, removal of SpCas9 after gene editing was achieved by transient expres-
sion of the piggyBac transposase. Insertion of SpCas9 with piggyBac provides a
more tractable system across most hiPSC lines. However, transposon copy numbers
and integration sites are difficult to control [63], putting cells at risk of insertion
mutagenesis and making subsequent removal a complex task. Thus, careful titration
of piggyBac transposon DNA is recommended during the preparation of SpCas9
transgenic hiPSCs.

7.6 Enriching for Desirable Gene Editing Events

While programmable nucleases provided a significant improvement to human gene
targeting, hiPSCs edited by HDR remain the minority within a population. This is
particularly problematic for the creation of recessive alleles, which require modifi-
cation of both maternal and paternal gene copies. Thus, significant effort is still
required to identify hiPSCs edited by HDR, while excluding those with NHEJ- or
MMEJ-mediated indel events at one or both alleles. Toward these ends, protocols
for “direct” and “indirect” selection of HDR outcomes have been developed.
“Direct” selection entails selecting for the editing event itself, such as sensitive
phenotypic or molecular assays for detection of particular genotypes or knock-in of
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an antibiotic or fluorescent positive selection marker along with the desired muta-
tion at the target site. On the other hand, “indirect” selection refers to selecting for
hiPSCs with high levels of nuclease activity or selecting those with HDR events at
measurable, secondary loci. Both direct and indirect methods of selection are par-
ticularly valuable for gene editing with ssODN templates, since the sSODN itself
encodes no inherent capacity for selection, and the resulting HDR modification
rarely generates a genomic change amenable to phenotypic selection. A variety of
methods are outlined and discussed with examples below.

Genome-editing strategies for which delivery of the nuclease is achieved by tran-
sient expression from plasmids are often designed such that they also include
expression cassettes for antibiotic of fluorescent selectable markers [19]. Here,
selection for gene editing is indirect, selecting for transfected cells that express the
selection marker and, by extension, the nuclease. In turn, untransfected cells that
have a lower chance of being edited are removed from the population. Puromycin
resistance is an effective choice for transient selection given the rapid death of non-
resistant cells [64]. It is recommended, however, that each new hiPSC line be indi-
vidually tested for their sensitivity to drug dosages ranging from 0 to 0.5 pg/mL
over treatment periods of 1-3 days. Using this approach to select for ssODN-edited
alleles at autosomal- and X-linked loci offered concomitant enrichment of both
HDR and NHE]J. Yet, in nearly 30% of the cases, hiPSCs with HDR editing of one
allele suffered NHEJ indels on the other, affirming that indirect selection is indepen-
dent of DSBR outcome. Similarly, enrichment for non-specific nuclease activity can
be made using transient expression of GFP fluorescence. Fluorescence enables
FACS sub-fractionation of marker-positive cell populations based on intensity [65],
which shows a high correlation between GFP brightness and NHEJ outcomes at
target loci but no specific HDR enrichment.

It has been suggested that gene editing outcomes at secondary selectable loci
may be used to indirectly select for similar outcomes at non-selectable target loci, a
phenomenon dubbed ‘“co-conversion.” This was first demonstrated by generating
mutations in C. elegans genes which confer behavior or morphology phenotypes,
such as rol-6, dpy-10, or unc-58, coincidentally with HDR co-conversion of a sec-
ond, non-selectable allele using ssODN, PCR products, or plasmids [66]. Editing of
the target locus occurred in 14-84% of injected worms, although few HDR events
were homozygous. Examples in mammalian cells include co-conversion of the
HPRT locus by NHEJ-mediated knockout and resistance to 6-thioguanine [67], tar-
geting of the AAVSI locus by HDR-mediated gene trap knock-in resulting in anti-
biotic resistance [68], or HDR-mediated ssODN editing of ATP1Al to confer
resistance to ouabain by mimicking a naturally occurring resistance mutation [69].
All three methods enriched for mutations at the non-selectable target loci, although
similar DSBR outcomes at both loci were not always observed. An important caveat
of co-conversion is that it requires permanent modification of a second locus that,
for C. elegans, can be segregated in the F2 generation by breeding. Co-converted
hiPSCs, on the other hand, will always bear the additional genetic modification.

“Direct” selection can make use of molecular genotyping assays designed to
detect rare gene editing events within a greater population of hiPSCs. Droplet digi-
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tal PCR (ddPCR)-based detection systems have been designed to resolve the extent
of NHEJ events [70] or in hiPSCs to pinpoint single nucleotide polymorphisms
(SNPs) edited via ssODN templates [71]. In this latter method, allele-specific
fluorescence-conjugated TagMan probes that distinguish between the normal and
mutant DNA sequences were employed to screen sub-pooled populations of hiP-
SCs. Positive sub-pools are then expanded, sub-fractionated, and rescreened in a
process referred to as sib selection. While custom TagMan probe design can present
a technical challenge, ddPCR followed by single-cell cloning enables detection and
isolation of edited hiPSCs without antibiotic selection, representing a sensitive
screen for specific NHEJ knockout mutations or ssODN editing.

Returning to more classic gene targeting approaches [27-29], plasmid DNA
templates with antibiotic or fluorescent markers allow direct positive/negative selec-
tion for HDR and against random integration events, respectively [72, 73]. Plasmid
templates require cloning of the homology arms and selection markers, yet the
larger homology regions provide advantages over ssODNs including maintenance
and targeting of specific allelic haplotypes [74], larger conversion tracts [75], and
dual selection markers for the isolation of homozygous targeted cells [76]. Yet, hiP-
SCs enriched by selection markers will retain the transgene at the target locus,
which may result in pleiotropic effects on neighboring genes [77]. Therefore,
removal of selection markers is a necessary step following the identification of tar-
geted clones, and various approaches have been developed to address this issue.

7.7 Precise Removal of Selection Markers

Strategies for selection marker removal following gene targeting are illustrated in
Fig. 7.2. By far the most common approach employs Cre/loxP, a site-specific
recombination system effective across various species and cell types including
hESCs [78] and hiPSCs [79]. Demonstrations of Cre-mediated selection marker
removal in gene editing to derive disease models include Parkinson’s disease [38],
cystic fibrosis [80], sickle cell anemia [81], epidermolysis bullosa [82], and
Alzheimer’s disease [83], among many others. Although Cre excision is efficient
and high-fidelity, a single 34 bp loxP site is always retained at the target site. Since
residual loxP sites have been shown to influence target gene expression [84], posi-
tioning of loxP-flanked selection markers must be done with careful consideration.

Unique among mobile DNA elements, the piggyBac transposon is exquisitely
precise in its excision from “TTAA” tetranucleotide sequences in donor DNA [85]
or the genome of mouse and human iPSCs [63]. Applied to gene targeting, selection
markers are flanked with 5" and 3’ piggyBac inverted terminal repeats (ITRs) and
cloned into plasmid template homology arms nearby designer mutations, in a man-
ner comparable to Cre/loxP (Fig. 7.2). Following targeting, piggyBac selection
marker excision is achieved by transient expression of native piggyBac transposase
(PBase) or hyperactive PBase (hyPBase) [86]. This approach has been broadly
adopted for hiPSC gene editing, for example, in the correction of A1 AT [87], SOD1
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[88], or HBB [89] mutations. Importantly, variable efficiencies of piggyBac exci-
sion from different genomic loci have been observed [63], presumably the cause of
undefined genetic or epigenetic factors. Moreover, reintegration of the piggyBac
transposon can occur following excision, which may be partially mitigated by engi-
neered excision-competent/integration-defective (Exc*Int™) PBase [90]. Still,
piggyBac-mediated genome editing is limited by a requirement for endogenous or
engineered TTAA sites within close proximity to designer mutations.

The above examples bring to question the possibility of removing exogenous
DNA from the genome without residual operational sequences, in a completely scar-
less manner. Conceptually similar to recombinase or transposase operational
sequences, the reproducible formation of precise deletions by MMEIJ (Fig. 7.1b,
right) is also dependent upon short DNA duplications flanking the region to be
removed [26, 44]. During the evaluation of various TALEN protein architectures in
hiPSCs, we made the serendipitous observation that DSB formation within HPRT
exon3 reproducibly resulted in a deletion of 17 bp, where the position 4 bp upstream
of the deletion site was variable, either an A or T base [91, 92]. Interestingly, these
same deletion mutations were observed previously in HEK293T cells [93], although
their prevalence was not a subject of discussion. Further analysis of the common
17 bp deletion in iPSCs revealed that the TALEN target site is flanked by an imper-
fect 9 bp microhomology we called pSW3, where W is the degenerate A/T base [91].

Through this observation we devised a new method called microhomology-
assisted excision or MhAX [91]. MhAX is based on two core principles: (1) that
MME]J directs precise deletion of one copy of the microhomology along with the
intervening sequence and (2) that an imperfect microhomology results in one of two
possible allelic outcomes. Targeting the APRT gene in order to recreate the APRT*J
disease allele [94], we engineered the circular plasmid templates to have duplicated
genomic sequences (microhomologies) on either side of a selection marker (Fig. 7.2)
[91]. To create duplicated microhomology from singlet endogenous sequences, the
left and right homology arms were simply extended in the 3" and 5’ orientations,
respectively, resulting in an overlap of ~30 bp of sequence. The overlap encom-
passed the genomic target site, including the position of the APRT*J disease muta-
tion. Additionally, protospacer sequences for SpCas9 without cognate targets in the
human genome were nested between the engineered microhomology and selection
marker in a divergent orientation (PAM-out). This orientation meant that during
SpCas9-mediated cassette excision, DSB formation would occur at the most distal
ends, 3 bp upstream of the outwardly oriented PAMs and proximal to the engineered
microhomology, stimulating MhAX (Fig. 7.2). Direct selection at the targeting and
excision steps employed both antibiotic and fluorescent markers to enable FACS
enrichment. MhAX occurred in 35% of heterozygous targeted hiPSCs and at both
alleles in homozygous hiPSCs at a rate of ~11%. The non-MME] alleles were ~2/3
random indels and 1/3 perfect NHEJ repair of the two flanking cut sites. This data
proves that endogenous sequences can be employed through duplication as engi-
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neered microhomology, which can then be resolved with precision through endog-
enous DSBR pathways. Moreover, intentionally engineering imperfect
microhomology led to two possible outcomes at each repaired allele: either normal
or mutant. Thus, MhAX represents a novel approach to generate an allelic panel of
hiPSCs from a single parental hiPSC clone [91].

7.8 Considering Individuality in hiPSCs Genome Editing

Celebrating over 10 years of technology development and application [1], repro-
gramming of somatic cells to hiPSCs has become a routine procedure in many labo-
ratories. hiPSCs have been generated and banked from multitudes of patients [3]
representing various genetic backgrounds such as HLA homozygosity [95] or poly-
morphic SNP alleles [96]. Of particular value for these resources is the potential to
directly derive isogenic controls, where genetic background is invariable apart from
the mutation of interest. Pairs of isogenic hiPSC have been derived from monozy-
gotic twins, for example, in the characterization of neurodevelopmental defects
related to trisomy 21 where the twins were discordant for trisomy [97]. As such
cases are extraordinarily rare, the application of programmable nucleases to correct
patient hiPSCs or reproduce putative disease mutations in hiPSCs with otherwise
healthy genetic backgrounds is a common approach as it theoretically leads to per-
fect isogenic pairs of hiPSC clones.

Human genetic variation can compromise safe and predictable applications of
programmable nucleases in hiPSCs but can also provide unique opportunities for
precision editing. A fundamental complication arising from haplotype diversity
is in the prediction of potential off-target sites which are similar in sequence to
the intended target and may therefore be cleaved by programmable nucleases
[98]. Analysis of thousands of whole genome sequences compiled from the 1000
Genomes Project, gnomAD database, and French Canadian dataset revealed that
SNPs at disease-relevant loci can reduce on-target and exasperate off-target
cleavage potential of CRISPR/Cas9 cleavage [99]. These calculations suggest
that for more sensitive applications, techniques such as whole genome sequenc-
ing or in vitro cleavage analysis [100] using target hiPSC genomic DNA may be
required to predict off-target loci for individuals. Although genetic variation in
the human population can be confounding, it can also be used to drive unique
genetic outcomes. Examples of allele-specific gene disruption by NHEJ using
sgRNAs designed against heterozygous PAM-generating SNPs [101, 102] hold
promise for unique therapeutic strategies and improved specificity in targeting
particular allele haplotypes. Clearly, the heterozygous genetic backgrounds of
hiPSCs require special considerations compared to most standard genetic
models.
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7.9 Conclusions

Human iPSCs, given their personal nature and unique in vitro properties of clonal
growth and capacity for differentiation, provide an important access point to human
functional genomics and future personal therapies. Combined with modern gene
editing technologies, particular genotypes can be created and tested in various
genetic backgrounds to assess disease predisposition or corrected in patient cells
resulting in autologous cell resources for transplant. Future improvements in pro-
grammable endonuclease-mediated genome editing will undoubtedly address out-
standing issues impacting the identification of and propensity for on- and off-target
cleavage, as well as the predictably of editing outcomes. Accumulating knowledge
of both CRIPSR/Cas9 biology and DSBR pathways in mammalian cells will drive
improvements in these areas. Finally, gene editing without DSB formation, a pro-
cess known as “base editing” that works via in situ base modification by enzymes
such as cytidine deaminases [103—105], may eventually take a leading role in gen-
erating single-base changes with absolute precision. Still, it remains unlikely that
base editing will make the programmable nuclease methods described herein obso-
lete, as each serves their particular purposes. Whatever shape future gene editing
tools may have, they will continue to drive a revolution in human health, increasing
the potential for medical applications of stem cells.
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Chapter 8
Induced Pluripotent Stem Cell-Based Cell
Therapy of the Retina

Check for
updates

Seiji Takagi, Michiko Mandai, Yasuhiko Hirami, Yasuo Kurimoto,
and Masayo Takahashi

Abstract This review outlines the progress and current knowledge of stem cell-
based treatments for the retina. Basic research, which began as a study of neural
stem cells in the 1980s, is now being applied for the clinical use of embryonic stem
(ES) cells and induced pluripotent stem cells (iPSCs). The author’s group had trans-
planted iPS cell-derived retinal pigment epithelial (RPE) cell sheets to the eye of a
patient with exudative age-related macular degeneration (AMD) in 2014 as a clini-
cal research. Since it was the first clinical study using iPS cell-derived cells, the
safety and tumorigenicity of iPSCs products were especially a great concern. At
1 year after surgery, the transplanted sheet remained intact, and no serious adverse
event including tumor formation had been observed.

Autologous iPSC, which have lower chance for tissue rejection, is an ideal cell
source for a transplant therapy; however, production of autologous iPSC lines is too
costly. To address this issue, we are currently exploring the use of allogenic RPE
cells from iPSCs of HLA homozygote donors with the Center for iPSC Research
and Application (CiRA) of Kyoto University.

Regarding photoreceptor implantation, we recently demonstrated a direct con-
tact between the host bipolar cell-end and the presynaptic terminal of the graft pho-
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toreceptor by directly implanting retinal tissues derived from murine iPSC into a
mouse model of end-stage retinal degeneration. We believe that our findings estab-
lished a new proof of concept for transplanting ESC/iPSC retinas to restore vision
in patients with end-stage retinal degeneration.

Keywords Autologous transplants - Clinical research - iPS cells - Retinal cells

8.1 Introduction

The neural retina is a component of the central nervous system (CNS); it comprises
three layers of neural cells within the retina (photoreceptor cells, bipolar cells, and gan-
glion cells) and the retinal pigment epithelium (RPE) under the photoreceptors. Light
perception from the photoreceptor—the innermost part of the retina—is transduced to
the occipital cortex of the brain via bipolar cells, ganglion cells, and the optic nerve.

The RPE is a monolayer of cuboid cells that lies between Bruch’s membrane and
the neural retina and is essential for retinal homeostasis. Degeneration of the neural
retina and/or RPE caused by certain diseases, such as age-related macular degenera-
tion (AMD) and retinitis pigmentosa (RP), limits the efficacy of current therapies.
Thus, regenerative stem cell therapy to replace the atrophic retinal components has
received increasing attention in recent years. Although basic studies that explored
its viability have been carried out since the 1980s, this treatment has only been
applied in the clinical setting in recent years.

To date, there are two potential cell sources for transplantation therapies—
embryonic stem cells (ESCs) [1] and induced pluripotent stem cells (iPSCs) [2—4].
We and others have reported the differentiation of retinal cells from both mouse and
human ESCs and iPSCs [5-7], and these stem cell-derived retinal cells have opened
a new avenue in retinal regenerative medicine.

In 2014, we performed a clinical study of transplanted autologous iPSC-derived
retinal pigment epithelial cell sheets to the eye of a patient with exudative macular
AMD [8]; this was the first clinical study of iPSC use in human. A study of iPSC-
RPE allotransplantation in HLA-matched AMD patients is currently under way
starting in 2017.

In this chapter, we describe the aforementioned clinical studies, as well as previ-
ous efforts leading to the implementation of the clinical studies. We also discuss
future directions for clinical studies, including that of photoreceptor transplantation.

8.2 Neural Stem Cells for Retinal Regenerative Medicine

In the 1980s, the existence of stem cells, which were originally studied mainly in
the context of blood cells, began to be verified in other biological systems. Using
developing mouse retina, Cepko et al. demonstrated that neural stem cells can
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differentiate into all types of retinal cells including Miiller glial cells [9], indicating
that multipotent precursors are present in the developing CNS. In the 1990s, various
studies reported the existence of neural progenitors in the sub-ventricular zone [10]
and hippocampus [11].

Several studies reported that the generation of CNS cells can be influenced by
growth factors in the culture of embryonic and adult mouse neural stem cells.
Weiss et al. reported that the application of epidermal growth factor to spheres of
undifferentiated cells induced the proliferation of two progenitor cell types, neu-
rons and astrocytes [12]. Furthermore, Gage et al. reported that stem cell-like mul-
tipotent progenitors can be isolated from adult rat hippocampus using fibroblast
growth factor [13].

In 1998, Takahashi and Gage demonstrated the plasticity of adult rat hippocampus-
derived neural progenitor cells that were grafted into the vitreous cavity of adult and
newborn rat eyes and their subsequent widespread integration and survival [14].
This study was the first stepping stone toward the development of stem cell-based
treatments for the eye. Moreover, Akagi and Takahashi reported the culture of reti-
nal progenitor cells isolated from embryonic rat retina in serum-free medium in the
presence of both epidermal growth factor and basic fibroblast growth factor; these
cells subsequently differentiated into neuron and glial cells, including rhodopsin-
positive photoreceptor cells [15]. However, they appeared to lose their tissue speci-
ficity after an extended culture period.

The use of autologous neural stem cells for regenerative medicine has few ethical
challenges and minimal chance of tissue rejection. However, the technique involves
invasive tissue collection and difficulties in differentiating the cells to obtain suffi-
cient number of cells; therefore, an alternative cell source was needed. Studies that
assessed the differentiation of human pluripotent stem cells to RPE and retinal pro-
genitor cells, initiated in the early 2000s, provided a theoretical base of retinal cell
source for the treatment of retinal degeneration.

8.3 RPE Replacement Therapies for Age-Related Macular
Degeneration

8.3.1 Role of the RPE

The RPE is a monolayer of pigmented cells that forms a blood-retinal barrier
between the retinal photoreceptor and choroidal vessel layers. It has multiple func-
tions, including regeneration of bleached opsins, phagocytosis, secretory activity,
light absorption, transepithelial transport, a component of the visual cycle, and pro-
tection against photooxidation [16—18]. The RPE forms a unit with photoreceptor
for these functions, and a loss of integrity of this unit promotes apoptosis or degen-
eration of the photoreceptor. Additionally, the RPE plays an important role in main-
taining an immunosuppressive microenvironment in the subretinal space by
secreting pigment epithelium-derived factor (PEDF) and transforming growth
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factor-beta (TGF-p) [19, 20]. This environment allows transplanted cells to
survive.

8.3.2 Treatment Concept

Age-related macular degeneration (AMD) is a common disease that can reduce
vision quality [21]. In patients with AMD, the center of the visual field is largely
impaired, causing difficulties in recognizing faces or letters or performing daily
activities. AMD is divided into the dry and wet types based on the presence of neo-
vascularization growing upward from the choroid to the RPE and neural retina, with
accompanying intra- and subretinal fluids and hemorrhage [22]. An intravitreal
injection of anti-vascular endothelial growth factor (VEGF) is currently the first-
line therapy for wet AMD, which is considerably more prevalent than the dry type
in Japan [23]. The efficacy and safety for this therapy have been demonstrated in
several large clinical trials [24, 25]. These treatments can prevent exudative changes
from neovascularization, and frequent treatments can preserve visual acuity.
However, this strategy does not target the underlying pathogenesis and cannot repair
the sensory retina and RPE once degenerated.

Although AMD is a multifactorial disease influenced by genetic [26, 27], envi-
ronmental, and lifestyle factors [28], pathological studies have shown that physical
disruption and functional impairment of the RPE occur during the course of wet
AMD [29]. Therefore, transplantation of sheets or suspension of healthy RPE cells
for AMD patients has been attempted as a therapeutic option in the last two decades.
Fetal or adult donor eye tissues have been considered for the source of RPE [30], but
these are limited in quantity and may cause tissue rejection. Although improvement
of visual function has been reported in some patients, the use of autologous periph-
eral RPE with or without the choroid involves significant surgical risk including
massive hemorrhage and retinal detachment [31]. Moreover, as mentioned earlier,
these cells are limited in quantity, which renders them less than ideal for the source
of cells.

These facts suggested that a healthier and more abundant RPE source is required
to render RPE transplantation a viable treatment option. Differentiating pluripotent
stem cells to RPE is likely to provide a sufficient supply of viable RPE cells without
genetic defects inherent to the AMD patient.

8.3.3 ESCs as a Source for RPE

ESCs, first cultured in 1998 by Thomson et al., are pluripotent stem cells isolated
from the inner cell mass of a blastocyst [1]. Owing to their capacity for self-renewal,
ESCs allow an unlimited supply of RPE and photoreceptor cells for replacement
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therapies. Numerous studies by our group and others have demonstrated the induc-
tion of retinal cells, including RPE cells, from ESCs in vitro.

Kawasaki et al. [32] were the first to report the differentiation of RPE-like cells
from monkey ESCs. They reported large patches of pigmented Pax6-positive (an
optic cup marker) hexagonal epithelium cells cultured from ESCs using the stromal
cell-derived inducing activity (SDIA) method, which was originally developed to
induce and generate tyrosine hydroxylase-positive dopaminergic neurons [32].

Ikeda et al. reported the directed differentiation of Rx- (an early bona fide marker
of the eye field) and Pax6-positive retinal precursors from mouse ESCs under
serum-free suspension conditions (SFEB culture) in the presence of Wnt and Nodal
antagonists, Dkk1 and Lefty-A, respectively [33].

Osakada et al. defined a culture method that induces the development of both
photoreceptors and RPE cells from mouse and human ESCs without the use of reti-
nal tissues [5]. They also reported that the induced RPE cells functionally and mor-
phologically mimicked natural RPE cells: they are hexagonal and pigmented,
showing the presence of tight junctions, adhesive junctions, microvilli, and pigment
granules [34].

Moreover, Haruta et al. were the first to report the transplantation of primate
ESC-RPE into the subretinal space of the Royal College of Surgeons rats—a model
for retinal degeneration—and showed that the RPE enhanced the survival of host
photoreceptors [7]. These results provided a proof of concept that transplantation of
pluripotent stem cell-derived RPE is a viable treatment option for retinal degenera-
tion. Subsequent to this report, others have described other methods for differentia-
tion and animal models [35-37]; however, ethical concerns regarding the use of
human embryos and the potential of tissue rejection after transplantation prevented
the use of ESCs for clinical applications.

8.3.4 iPSC as a Source for RPE

iPSCs, generated from reprogrammed adult somatic cells using the Yamanaka plu-
ripotent transcription factors [2], have offered exciting new possibilities of produc-
ing patient-specific stem cell lines without the use of human embryonic cells.
Retinal cells can be prepared from iPSCs based on the ESC culture method. Hirami
et al. were the first to successfully produce retinal cells from mouse and human
iPSCs by differentiating in vitro using a serum- and feeder-free method to avoid the
risk of adverse immunologic responses and potential exposure to xenopathogens
[6]. Jin et al. reported the production of intrinsic patient-specific iPSCs from patients
with distinct mutations in the RP1, RP9, PRPH?2, or RHO genes that recapitulated
the disease feature in vitro [38]. These disease modeling techniques have contrib-
uted greatly to the elucidation of the retinal degeneration pathology.

We subsequently investigated the morphological and functional features of
iPSC-RPE for its clinical adaptation. Kamao et al. assessed the quality, quantity,
consistency, and safety of clinical-grade hiPSC-RPE sheets [39] and demonstrated
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that iPSC-RPE formed tight junctions, secreted growth factors, and showed phago-
cytotic ability and gene expression patterns akin to those of native RPE. Maeda
et al. showed that iPSC-RPE possesses functional visual cycle enzymes in vitro and
in vivo. Moreover, they reported that transplantation of iPSC-RPE into Lrat—/— and
Rpe65—/— mice rescued vision in these animals [40]. These RPE cells expressed the
typical RPE marker and showed secretory ability and physiological activity similar
to those of native RPE in vivo and, thus, can be readily used as cells for
transplantation.

8.3.5 Superiority of iPSC-RPE for Transplantation

The iPSC-RPE transplantation using human iPSCs was fast-tracked for its clinical
use in patients with AMD for the following reasons: (1) the cellular functions and
reproducibility of iPSC-RPE have been well described, as mentioned above; (2) the
number of cells required for treatment is relatively small; (3) iPSC-RPE shows
unique pigmentation during differentiation, which is useful for the identification,
purification, and evaluation of these cells [39]; (4) clinical studies of human ESC-
derived RPE for dry AMD had already been performed [41, 42]; and (5) RPE is an
especially safe cell type and rarely forms tumors.

The safety and tumorigenicity of iPSC products are especially a great concern.
Tumor formation from residual undifferentiated or incompletely differentiated
human PSC-RPE is an issue that must be carefully evaluated. In 2013 and 2014, the
Kawamata group reported a highly sensitive method to detect residual human iPSC
based on qRT-PCR [43] and confirmed that iPSC-RPE possessed negligible tumori-
genic potential, as shown by the results of subcutaneous tumorigenicity test using
Matrigel and subretinal tumorigenicity test in NOG mice and nude rats, respectively
[44]. The same group also reported that PEDF, which is secreted from primary or
iPSC-RPE, induced apoptosis in iPSC, indicating that the tumor-forming potential
of iPSCs can be suppressed by a simultaneous transplantation of iPSC-RPE [45].
Moreover, the inside of the eye abounds with retinoic acid, which has antitumor
activity, and there has been no report of RPE tumor growth in the eye. Taken
together, these findings suggested that RPE is a particularly safe cell type that sel-
dom forms tumors, especially under a nonpermissive environment for tumor
formation.

8.3.6 Production of iPSC-RPE for Its Clinical Application

The production of iPSC-RPE for clinical application requires strict quality control
and accordance with good manufacturing practice (GMP). The GMP ministerial
ordinance, issued by the Japanese government, stipulates the maintenance of both
product safety and manufacturing.
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In the production of RPE sheets for our clinical study, we confirmed that all cul-
ture reagents were traceable and secured, and a clinically usable manufacturing
practice was adopted to ensure that the differentiation-induction process was suit-
able for a clinical use. For the iPSC culture, we utilized a cell processing facility
with a GMP-compliant cell regulation room. All procedures were checked by per-
sonnel from three divisions, (1) the cell culture department, (2) the quality control
department, and (3) the facility management department, and all processes includ-
ing cell culture, quality control, and facility management were recorded in standard
operation procedure (SOP) documents [46].

We generated two lines of patient-specific iPSCs using non-integrating episomal
vectors and differentiated these cells into RPE cells as described previously. These
iPSC-derived RPE cells showed DNA methylation and gene expression profiles
consistent with those of RPE tissues. In addition, using single-cell qPCR, we
detected levels of RPE-specific gene expression consistent with those of RPE tis-
sues [8]. These cells were subsequently assessed for quality and safety before used
for transplantation.

In whole genome sequencing, single nucleotide mutations were detected, but
these were not identified as cancer driver mutations. Large de novo insertions or
deletions or changes in DNA copy number were not detected in the protein-coding
region. Furthermore, we confirmed that the plasmid DNA was not integrated into
the genomic DNA [8].

As described above, many aspects of the cell safety have been examined.
Nevertheless, this was the first clinical study of human iPSC-derived cells and has
received great interest because of its long-term safety, such as the lack of tumor
formation, cell hyperproliferation, and ectopic tissue formation after
transplantation.

8.3.7 First Clinical Application of iPSC for AMD

The first clinical study of iPSC-RPE for neovascular AMD was initiated in August
2013; the patient was enrolled in November 2013 and received the iPSC-RPE
sheet transplant for neovascular AMD in September 2014. The patient was a
77-year-old Japanese woman diagnosed with a polypoidal choroidal vasculopathy
(a subtype of neovascular AMD). She received repeated intraocular injections of
an anti-VEGF drug before the surgery and presented a gradual decrease in visual
acuity for 5 years.

The patient underwent a surgery to remove the neovascular membrane and
receive transplantation of the autologous iPSC-derived RPE cell sheet under the
macular area (the center of visual function), using a surgical device consisted of a
custom-designed hand piece and a cannula [47]. The surgery was successful and no
major bleeding or other serious adverse events were observed. After the surgery, the
graft sheet initially curled on its margin but gradually flattened by 8 weeks post-
surgery. At 2 years following the surgery, the transplanted sheet remained intact as
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detected by both fundus photography and optical coherence tomography (OCT),
and the graft area gradually expanded until approximately 2 years post-surgery;
these findings indicated a successful engraftment without rejection [8].

A previous report showed that autologous iPSC-derived cells can cause immune-
mediated rejection in mice [48]; however, the patient in our study did not show any
sign of tissue rejection, even without the use of immunosuppressant drugs.
Nevertheless, we advise caution in extrapolating the findings for other types of
iPSC-based transplantation, especially because iPSC-derived RPE cells have been
shown to inhibit T-cell activation [49], and the immunoprivileged nature of the sub-
retinal space [50].

For the patient in our study, we did not observe improvement in postoperative
best corrected visual acuity, which was maintained at approximately 0.1 (equivalent
to 20/200 on the Snellen chart) throughout the follow-up period. With the enrolment
of more patients, we should be able to conclusively determine whether iPSC-RPE
can slow the progression of retinal degeneration or improve vision by restoring reti-
nal functions. Thus far, we have not observed tumor formation; however, the long-
term safety of this treatment must be assessed. We should emphasize that findings
from a single case cannot fully clarify the risk or benefit associated with the
procedure.

8.3.8 Allotransplantation Using iPSC-RPE

Autologous iPSC, which has lower chance for tissue rejection, is an ideal cell source
for a transplant therapy; however, production of autologous iPSC lines is costly and
time-consuming. To address this issue, we are currently exploring the use of allo-
genic RPE cells from iPSCs of HLA homozygote donors. The host immune response
to the transplanted cells must be thoroughly examined for allogeneic grafts, and the
importance of HLA matching in transplantation therapy has been demonstrated in
hematopoietic stem cell transplantation [51].

We first investigated the presence of immune responses in in vitro and in vivo
HLA-matched models. In vitro, iPSC-derived RPE cells express HLA class I/II
antigens, but T cells do not respond to HLA-A-, HLA-B-, and HLA-DRB 1-matched
iPSC-derived RPE cells from HLA homozygote donors [49]. Moreover, in a mam-
malian in vivo model, no sign of tissue rejection was observed in MHC-matched
iPSC-derived RPE allografts in the absence of immunosuppression. In contrast,
immune response was detected around the graft and retinal tissue damage in the
MHC-mismatched model [52]. Based on these findings, we hypothesize that iPSC-
RPE from MHC homozygous donors can be used to treat retinal diseases in histo-
compatible recipients.

The Center for iPSC Research and Application (CiRA) of Kyoto University has
provided guidance for our study, including to access the Japanese bone marrow
bank, to create iPSCs with common HLA in homozygous Japanese population. The
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cells generated thus far matched the HLA genotypes of approximately 17% of the
Japanese population [53]. We also investigated the frequency of HLA class I and II
alleles and haplotypes among AMD patients in Japan and found that the frequency
was not different than that of the Japanese population (manuscript submitted).
Using this resource, we are currently performing larger, more efficient, and more
informative clinical trials. This treatment strategy requires different forms of donor
cells depending on the type and stage of the target disease, in a regenerative manner
that is distinct from the present strategy using small molecule drugs.

8.4 ESC/iPSC-Photoreceptor Replacement Therapy

8.4.1 Target Disease for Photoreceptor Replacement Therapy

Retinitis pigmentosa (RP) is an inherited disease characterized by night blindness
and progressive visual field loss starting from the mid-peripheral region in its early
stage, which then progresses into a gradual loss of the peripheral visual field, devel-
opment of tunnel vision, and ultimately severe visual impairment. Currently, treat-
ment options for RP to improve visual function are limited to artificial retina [54,
55] and gene therapy [56] (to a limited state). RP is caused by the death of retinal
photoreceptors; however, neural circuits from secondary neurons, such as bipolar
cells, to the brain are thought to be preserved in progressive conditions [57]. It is
thought that visual function may be restored by photoreceptor transplantation to
reconstruct the neural network.

8.4.2 Treatment Concept of Retina or Photoreceptor
Transplantation

Photoreceptor cells are the first-order neuron of the retina and are irreversibly lost
in many retinal diseases; thus, goals of retinal regenerative medicine include photo-
receptor transplantation and sufficient improvement of visual acuity.

Visual function can be considered restored if synapses are formed between pho-
toreceptor cells and secondary neurons such as bipolar cells. However, the forma-
tion of this functional synaptic connection between photoreceptors and the inner
retinal neural element is a major hurdle in regenerative medicine of
photoreceptors.

From the 1980s, numerous studies have reported the transplantation of micro
aggregates of retinal progenitor cells or retinal sheets in various models of retinal
degeneration [14, 58—60]. However, these attempts had poor survival rate and syn-
apse formation with secondary neurons; thus, satisfactory outcomes could not be
obtained.
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More recently, Radtke et al. reported that transplantation of fetal retinal tissue
along with its RPE improved vision in patients with retinal degeneration [61].
Pearson et al. demonstrated the integration of postmitotic photoreceptor precursors
into host retinas following transplantation, which retained the outer nuclear layer
(ONL), differentiated into rod photoreceptors, and gained rod functional recovery
[62]. These findings can serve as a proof of concept for therapeutic photoreceptor
transplantation. However, Pearson et al. and others recently reinterpreted the find-
ings and concluded that the repair following photoreceptor implantation was likely
the result of cytoplasmic transfer from transplanted cells rather than due to direct
integration of graft cells [63, 64]. Thus, whether transplanted photoreceptors can
form a synapse with adult host retinal cells is yet to be determined.

8.4.3 Photoreceptors Generated from Stem Cells

Protocols to differentiate retinal tissue from human ESCs or iPSCs have been pre-
sented in several reports [33, 35]. Osakada et al. were able to induce Rx- or Mitf-
positive retinal progenitor cells from feeders- and serum-free hESC [5] and
successfully differentiated Rx- or Mitf-positive retinal progenitor cells into photo-
receptors by subsequently treating with retinoic acid and taurine [34]. More recently,
Eiraku et al. reported a groundbreaking study in which they created a self-organizing
optic cup using three-dimensional culture of ESCs [65]. Using this method, retina-
specific markers can be observed throughout the course of retinal development [66],
allowing the preparation of retinal tissue at any developmental stage. Moreover,
retinal tissue can be prepared as both cell suspension and sheets [67]. We previously
observed that retinal cells may not survive long term in advanced retinal degenera-
tion [68]; nevertheless, the aforementioned method for self-formation of three-
dimensional neural retina tissues should allow the generation of sufficient quality,
quantity, and purity of cells as the source for cell-based therapies for retinal degen-
erative diseases.

8.4.4 Treatment Proof of Concept

We believe that the first clinical application of photoreceptor replacement therapy
should target cases of RP with complete depletion of photoreceptors or ONLs.
Therefore, we have utilized an end-stage retina model to explore the viability of
photoreceptor transplantation.

Assawachananont et al. reported the transplantation efficacy of murine ESC- or
iPSC-derived retinal tissue into the retina of mice with progressive retinal degenera-
tion [69]. After mESC/iPSC transplantation, the retinas differentiated into struc-
tured ONL with mature outer segments. Additionally, immunohistochemical
analysis showed synaptic connections in a direct-contact pattern between host bipo-
lar cells and the graft in the host-graft interface. We have also developed a monkey
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model of retinal degeneration. Shirai et al. reported monkey models of retinal
degeneration using a subretinal injection of cobalt chloride or laser photocoagula-
tion and confirmed the structured graft maturation and potential formation of synap-
tic contacts between the graft and host cells, which were previously shown using
similar primate models [70]. However, these findings cannot conclusively show
whether an ESC-/iPSC-derived structured, retina-like sheet can restore visual
functions.

We recently demonstrated a direct contact between the host bipolar cell-end and
the presynaptic terminal of the graft photoreceptor, as visualized by gene labeling,
by directly implanting retinal tissues derived from murine iPSC (miPSC retina) into
a mouse model of end-stage retinal degeneration (rd1). We also showed photo-
responsive behavior in transplanted rdl mice and recorded responses from trans-
planted host retinas by ex vivo micro-electroretinography and ganglion cell
recordings using a multiple-electrode array system [71]. We believe that our find-
ings established a new proof of concept for transplanting ESC/iPSC retinas to
restore vision in patients with end-stage retinal degeneration.

8.4.5 Environmental Factors Supporting Retinal Graft
Survival

Adequate conditions for graft cell survival in photoreceptor transplantation, such
as the time window during the course of retinal degeneration and environmental
factors that are permissive for retinal graft cell survival, should also be thor-
oughly assessed. We investigated the retinal degeneration process of rd1 mouse
and observed the infiltration of microglia that are positive for ionized calcium-
binding adapter molecule 1 (Ibal). The expression of glial fibrillary acidic pro-
tein (GFAP) was increased at the peak of rod death but was reduced thereafter
until gliosis began to take place, in which enhanced GFAP expression was again
observed [68]. These findings indicated that photoreceptors should be trans-
planted within a finite time window to avoid microglia activation by inflamma-
tion and barrier formation by glial cells. We expect that transplantation efficiency
is improved by modifying the host environment with drugs that promote synapse
formation or eliminate glial scarring. We are currently preparing the application
of photoreceptor replacement therapy in patients by assessing suitable transplan-
tation conditions.

8.5 Conclusion

Regeneration of the retina, which is part of the cranial nerve, is a challenging task.
Nevertheless, sufficient advances had been made through efforts by our group and
others, which enabled us to conduct the first clinical trial using iPSCs for the
retina.
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In this chapter, we focused mainly on background studies we have performed
thus far; however, achieving visual reconstruction using stem cells is still a chal-
lenge for many researchers. In Japan, iPSCs have received great attention, and
expectation for regenerative medicine is quite high. We should note that the use of
iPSCs as a treatment strategy is still in its infancy, and the therapeutic effect has
been limited. We believe that a comprehensive strategy that incorporates both regen-
erative medicine and rehabilitation is crucial; thus, our future efforts will focus on
maximizing the therapeutic effect by employing a comprehensive medical treatment
that includes low-vision care.
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Chapter 9 )
Organoid Models of Development b
and Disease Towards Therapy

Yasunori Nio and Takanori Takebe

Abstract Historical developmental biology experiments demonstrated the remark-
able capacity of reaggregated vertebrate cells for self-organization, now exploited to
rebuild human tissues, reminiscent of native organs, from somatic or pluripotent
stem cells, namely, an organoid. Organoid technology is thus rapidly evolving and
becoming an independent research field due to its potential for modelling human
development and disease. Coupled with patient-derived stem cells, diseased organ-
oid recapitulates a pathological state in a dish, promoting personalized medicine
and drug development. Ultimately, organoid transplantation paves a way for organ
replacement strategies against end-stage diseases. This article summarizes the evo-
lutionary organoid technology backed by developmental biology and outlines its
phenomenal potential for future therapeutic applications.
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9.1 Introduction

Recently, human organoids have received international attention as in vitro culture
systems, where stem cells self-organize into three-dimensional structures reminis-
cent of developing human organs. For example, due to their potential for mirroring
the human phenotype in a dish, organoids can serve as an avatar for patients’ patho-
biology and individual responses to potential therapy, offering a new approach
towards drug development and precision medicine. Ultimately, organoids, coupled
with an evolving tissue engineering approach, will provide an organ replacement
strategy to end-stage disease conditions when transplanted. However, such exciting
implications for personalized and regenerative medicine, hereafter defined as
“organoid medicine”, remain challenging.

Herein, we comprehensively review the development history of 3D organoid
models and their potential applications for drug discovery and transplant applica-
tions to provide effective cure for patients with a goal of accelerating the commu-
nity efforts to realize organoid medicine.

9.1.1 Historical Developments in Tissue Organoids (3D
Models for Organ Development)

The evolution of the organoid has been driven by the number of scientists with key
discovery elements that is far beyond describable. Therefore, for the simplicity reasons,
we herein summarize organoid development history from three major angles (Fig. 9.1).

9.1.1.1 First (Organoid 1.0): Reaggregation and Self-Organization

The first description of key principles in organoid biology dated back in the early
1900s. Wilson et al. conducted ground-breaking reaggregation experiments using
sponges [1]. This investigation enhanced self-organization experiments by using
isolated cells from primary tissues. Based on a proposal by Steinberg et al. [2], dif-
ferential adhesion hypothesis first defined cell sorting as a primary mechanism of
self-organization. Later, Takeichi et al. showed that cadherin-mediated processes
are necessary for self-organization [3].

9.1.1.2 Second (Organoid 2.0): Laminin-Rich Basement Membrane
Matrix (BM)

Bissel et al. applied laminin-rich BMs extracted from Engelbreth-Holm-Swarm
(EHS) mice carcinoma into mammary epithelial cell culture, enabling the organoid
generation through the cell polarity induction after gel implantation [4]. Similar
proof-of-principle is confirmed in the generation of lung and kidney organoid
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formation [5, 6]. Currently, most organoid-related research involves the use of
carcinoma-derived BM to form organoids, hindering the clinical applications of
organoids due to potential tumorigenicity. Recent seminal development of designer
BMs will alleviate this concern towards organoid transplant applications in the
future [7, 8].

9.1.1.3 Third (Organoid 3.0): Human Stem Cells

Given the significant advances that have taken place in stem cell biology and cell
fate reprogramming, researchers now have the ability to manipulate various stem
cell fates. Most notably, two pluripotent stem cells become available for the study
of organoid technology: embryonic stem (ES) cell [9] as well as induced pluripotent
stem (iPS) cells [10]. For example, Eiraku et al. investigated brain cortex organoids
[11]. Organoid generation is further accelerated with the use of somatic stem cells,
as shown in gut organoids [12]. Remarkably, in 2011, Eiraku et al. asked an elabo-
rated developmental biology question with the advantage of organoid system, high-
lighting the potential utility of optic cup organoids for studying mechanistic basis of
morphogenesis [13]. Recently, gut [14], liver [15] and brain [16], and kidney organ-
oids [17, 18] were also reported from healthy and diseased pluripotent stem cells.
Given most these organoids can be derived from human stem cells, human organ-
oids have thus emerged as a powerful model to study biology of human in a dish.

Now, we are approaching the next generation of the organoid revolutionary pro-
cess, namely, an Organoid 4.0 era. We argue that efforts will be shifting, rather just
generating organoids, to elucidate the scientific and medical utility of organoid as a
tool for applications through active integration of academic research, clinical care,
and industrial practices, which in other words is organoid medicine.

9.2 Tissue Organoids

In this section, we provide a review of state-of-the-art organoid technologies in
diverse tissues (Fig. 9.2).

9.2.1 Liver Organoids

A self-organizing tissue-based approach, coupled with iPSC technology, is expected
to achieve valuable outcomes in regenerative medicine and drug development. As a
conventional strategy, two-dimensional (2D) and unidirectional differentiation plat-
forms have enabled dramatic advances in the ability to control the specific fate of
iPSCs [19-21], although it has been difficult to establish models of complex organ
functions owing to tissue immaturity or limited functionality [22]. Recent
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Fig. 9.2 Pluripotent stem cell (PSC)-derived organoids. State-of-the-art publications of develop-
ing diverse organoids from human embryonic stem cell or induced pluripotent stem cells

demonstration of hepatic organoid generation from human biopsy sample is promis-
ing [23, 24], especially revolutionizing personalized medicine application-based
organoids from patients with diverse forms of liver cancers. The other exciting
implication is to generate cholangicoytic organoids from human iPSC [25]. For
building additional complexity, it is essential to incorporate multiple cell lineages,
including developing vessels. Using a self-condensation method, recently, self-
organizing vascularized organoids were generated in diverse systems together with
human mesenchymal and endothelial progenitors [26]. In addition, iPSC-derived
liver organoids were shown to anastomose with host vessels in vivo within 48 h and
provide functional rescue against liver failure [15], highlighting potential applica-
tions in regenerative medicine, developmental biology, and drug discovery.

9.2.2 Brain Organoids

Recently, neural tube-like structures called neural rosettes were established from
isolated neuroepithelial cells and from the directed differentiation of iPSCs [11,
27-29]. Because neural rosettes recapitulate apical-basal polarity and exhibit spon-
taneous radial organization similar to that of the neural tube, they are more capable
of recapitulating many aspects of brain development. However, it has many limita-
tions in modelling the overall organization of the developing brain. Therefore, alter-
native 3D culture methods—with the potential to recapitulate brain tissue
organization—have been used extensively for investigations in recent years. In par-
ticular, Sasai et al. focused on developing 3D models of various isolated brain
regions from mouse or human iPSCs [30]. Lancaster and Knoblich further advanced
this approach by generating cerebral organoids, which are single neural organoids
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that have the features of several different brain regions [16]. Like the Sasai method,
this approach starts with floating embryoid bodies (EBs), but growth factors are not
added to drive particular brain region identities. Instead, the aggregates are embed-
ded in a laminin-rich BM secreted by the Engelbreth-Holm-Swarm tumour cell line.
These BMs promote proliferation of large neuroepithelial buds which can develop
into various brain regions. Cerebral organoids can grow up to several millimetres
using a spinning bioreactor, which provides nutrient and oxygen exchange. This
expansion allows the formation of a variety of brain regions, including the dorsal
cortex, ventral forebrain, midbrain-hindbrain boundary, choroid plexus, and hippo-
campus [16]. Moreover, to enhance neuroectoderm formation and improved cortical
development, they combined these cerebral organoid techniques with poly(lactide-
co-glycolide) copolymer (PLGA) fibre microfilaments as a floating scaffold to gen-
erate elongated embryoid bodies. Microfilament-engineered cerebral organoids
(enCORs) enhanced neuroectoderm formation and improved cortical development.
Therefore, this enCOR model allows for the study of neuronal migration with dis-
tinctive radial organization of the cerebral cortex. Combination study between bio-
engineering and self-organization would allow for reliable forebrain formation
without sacrificing tissue complexity in brain organoid [31].

9.2.3 Retinal Organoids

The evolution of iPSC-derived retinal organoids was built upon a foundation rooted
in developmental biology. Embryoid bodies are grown in minimal medium to gen-
erate neuroectoderm [13, 27]. Matrigel is dissolved in the medium at an early stage
to allow the formation of more rigid neuroepithelial tissues, an essential step for
retinal epithelium formation. This promotes the formation of retinal primordial
tissue buds similar to the optic vesicle. The resulting optic cup organoids very
closely mimic early retinas. They display proper markers of neural retinas and reti-
nal pigmented epithelium; additionally, they exhibit retinal stratification with
proper apical-basal polarity and undergo morphological tissue shape changes that
mimic the stepwise evagination and invagination of the optic cup in vivo. These
human retinal organoids show a number of human-specific features as well and
exhibit certain tissue morphological differences, such as apical nuclear positioning
[32]. Zhong et al. reported that hiPSC-derived 3D retinal cups could recapitulate
spatiotemporally each of the main steps of retinal development observed in vivo
and contained all major retinal cell types arranged in their proper layers. This
hiPSC-derived retinal organoid achieves advanced maturation, showing the begin-
ning of outer-segment-disc formation and photosensitivity [33]. Recently, Quadrato
et al. showed that cell diversity and network dynamics were controlled by light
stimulation of photoreceptor-like cells in human brain organoids. This phenome-
non indicated that brain organoids establish spontaneously active neuronal net-
works and generate functional photosensitive cells, which may in the future permit
modulation of network activity using physiological sensory mechanisms [34].
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9.2.4 Kidney Organoids

Like many of the tissues for which organoids have been developed, evidence that
kidney tissues may be capable of self-organization comes from early reaggrega-
tion experiments in chick embryonic kidneys [35]. The resultant self-developed
tissues displayed nephron components including the collecting duct, distal and
proximal tubules, and glomeruli with allantoic vessels after transplantation of the
chick allantoic membrane. Recently, a renal precursor tissue derived from the
intermediate mesoderm, or the ureteric epithelium, can be generated from human
iPSCs via a mesodermal specification step [36—38]. When mouse embryonic kid-
neys are reaggregated after dissociation, they are self-organized into 3D ureteric
bud structures. The metanephric mesenchyme can be derived from human and
mouse embryoid bodies through sequential exposure to defined soluble factors.
When metanephric mesenchyme and spinal cord tissue, a nephric inducer, are
cocultured, nephric tubules and nascent glomeruli are well organized [17]. Kidney
organoids have been shown to contain over 500 nephrons with defined glomeruli
comprising a Bowman’s capsule with podocytes and connect to proximal tubules.
Although these organoids are more likely to mimic an embryonic kidney rather
than an adult kidney, they contained a mixture of nephron progenitors and formed
urine-collecting ducts. Musah et al. recently established human podocytes that
expressed podocyte markers such as nephrin, WT'1, and podocin [39]. As shown
above, each parts of kidney organoids are getting established, and interconnectiv-
ity or more contagious structure establishment would be a real challenge.

9.2.5 Intestinal Organoids

The gastrointestinal (GI) tract develops primarily from the endoderm [27], which
forms an epithelial tube that develops into three distinct portions: the foregut, midgut,
and hindgut [40]. The hindgut gives rise to the remaining portion of the colon, or large
intestine, and the rectum. This knowledge of Wnts and FGFs provides the foundation
on which human intestinal organoids are built [14]. Clevers et al. showed that adult
intestinal stem cells could form organoids when subjected to 3D Matrigel culture [12].
Similarly, hindgut spheroids generated from human iPSCs can be grown under
Matrigel 3D conditions and will further develop to mature intestinal organoids [14].
Gjorevski et al. showed a fully defined synthetic hydrogel that mimics the extracel-
lular matrix to support in vitro growth of intestinal stem cells and organoids. The
hydrogel allows sophisticated control over the chemical and physical in vitro niche
and enables identification of regulatory properties of the matrix [41]. Identification of
organoid-forming intestinal progenitor cells by direct lineage reprogramming via
cdx2, foxa3, hnf4, and gata6 are new potential approach to obtain cell source for gen-
erating intestinal organoids [42]. Intestinal organoids develop crypt-villus structures
with stratified epithelium containing all the main cell lineages of the gut [27].
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9.2.6 Stomach Organoids

The stomach is derived from the posterior foregut. McCracken and Wells et al.
developed a protocol for generating stomach organoids from human PSC. They
used activin treatment in human iPSCs to generate definitive endoderm, followed by
the addition of BMP inhibitors and FGF and Wnt activators towards a foregut fate
[43]. When retinoic acid was added, the organoids were specified to have a posterior
foregut fate. High concentrations of epidermal growth factor (EGF) changed these
cells into human gastric organoids, which progressed through molecular and mor-
phogenic stages that resembled those of the developing antrum of the mouse stom-
ach. The organoids included primitive gastric gland- and pit-like domains,
proliferative zones with Lgr5-positive stem cells, mucous cells, and a host of gastric
endocrine cells. Bartfeld et al. reported that human stomach organoids still maintain
many characteristics of the original tissue after long-term culturing [36, 44].
Recently, McCracken et al. investigated Wnt/f-catenin promotes gastric fundus
specification in mice and humans. Disruption of Wnt/p-catenin signalling in mouse
embryos led to conversion of fundic to antral epithelium, while B-catenin activation
in hPSC-derived foregut progenitors promoted the development of human fundic-
type gastric organoids (hFGOs). These hFGOs could be a powerful new model for
studying the development of the human fundus and the molecular basis of human
gastric physiology, pathophysiology, and drug discovery [45].

9.2.7 Pancreas Organoids

During embryonic development, the pancreas develops in both the ventral and dor-
sal anterior foregut. The embryonic pancreas progenitors grow into 3D organoids
which can be expanded for up to 2 weeks in culture and retain their potential to dif-
ferentiate into acinar, ductal, or endocrine lineages [46]. The embryonic pancreas
organoids show rapid proliferation and can recapitulate the branching structure of
the pancreatic epithelium. Because the cells maintain their ability to efficiently dif-
ferentiate into all three lineages, the system is useful for studying signals which
bias cell fate decisions towards particular lineages. Recently the long-term culture
of organoids derived from the adult mouse [47] and human [48] pancreas were
established. Huch et al. defined culture conditions which promoted the growth
of organoids by adding Rspondin-1 and Lgr5 ligand. In these conditions, mouse
pancreas organoids could be expanded in culture for at least 5 months. For pan-
creas organoid culture, not HGF but Noggin was an essential growth factor [47].
So far, the direct differentiation of these cells along endocrine lineages in vitro has
proven unsuccessful. However, when adult pancreas organoid cells were mixed with
embryonic E13 mouse pancreas cells and immediately transplanted into the kidney
capsule of immunocompromised mice, the adult-derived organoid cells readily dif-
ferentiated into fully mature hormone excretion cells such as insulin, glucagon, and
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somatostatin-positive cells in vivo [47]. Although using similar culture conditions,
human pancreas duct cells can be expanded in vitro for 4-5 months; endocrine
secretion potential has not been analysed yet [48, 49]. Functional test such as insulin
release would be undertaken in the near future.

9.2.8 Lung Organoids

Lung organoids have been grown from the embryonic lungs [50], mouse and human
adult lungs [51], and human PSC and iPSC [52-55]. In mouse, lung development
begins after establishment of the primary germ layers with two primary endoderm
buds being visible at about E9.5 [56]. Although E12.5 mouse lung can be cultured
in vitro on an airway interface in 2D where they will both grow and differentiate
[57], comparing 3D culture, their size, cellular complexity, and growth in 2D plane
was unsuitable for many experiments [58]. Mixed cell populations obtained from
dissociated whole E17.5 mouse lungs have been grown in 3D on various matrics
[50]. Such cultures self-organize into spheroids containing branched epithelial
structures surrounded by mesenchyme, grow, and show signs of alveolar and bron-
chiolar differentiation [59, 60]. For disease modelling, generating mature disease-
specific human lung cells is very important because murine models often do not
show complete phenotype of human lung disease. Although human pluripotent stem
cell (hPSC)-derived tissues often remain developmentally immature in vitro, they
become more adult-like in their structure, cellular diversity, and function following
transplantation into immunocompromised mice resulting in airway-like structures
that were remarkably similar to the native adult human lung [52]. Using single-cell
RNA sequencing, Kim et al. investigated that Lgr6+ mesenchymal cells in the adult
lung promote airway differentiation of epithelial progenitors via Wnt-Fgf10 coop-
eration and Lgr5+ cells are located in alveolar compartments and are sufficient to
promote alveolar differentiation of epithelial progenitors through Wnt activation.
This identification of region- and lineage-specific crosstalk between epithelium and
their neighbouring mesenchymal partners provides new understanding of how dif-
ferent cell types are maintained in the adult lung [53]. Regarding iPSC, Hans et al.
reported the generation from hPSCs of lung bud organoids (LBOs) that contain
mesoderm and pulmonary endoderm and develop into branching airway and early
alveolar structures after xenotransplantation and in Matrigel 3D culture. Using these
methods and induction of mutation in in Hermansky-Pudlak syndrome (HPS)-1
gene, they could recapitulate fibrotic lung disease in vitro which causes an early-
onset form of intractable pulmonary fibrosis [54]. Kotton et al. showed that cyclical
modulation of the canonical Wnt signalling pathway enables rapid directed differ-
entiation of human iPSCs via an NKX2-1+ progenitor intermediate into functional
proximal airway organoids. They also could generate cystic fibrosis patient-specific
iPSC-derived airway organoids with a defect in forskolin-induced swelling, and
their approach has many potential applications in modelling and drug screening for
airway diseases [55].
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9.3 3D Organoids for Disease Treatment

9.3.1 Introduction

Owing to the resemblance to multicellular organization and organ structures [61],
diseased organoids from patients’ stem cells have been postulated to understand
human pathological mechanism with the future aim of drug testing applications. For
example, it includes cyctic fibrosis. Organoid swelling assay from patients’ stem
cells has been used to select the therapeutic compound in a specific pathological
context. Thus, 3D disease organoids potentially accelerate the study of human dis-
ease pathology, opening up a possibility to model drug responses at the organoid
level, rather than 2D cellular condition. Moreover, organoids can be ultimately indi-
cated for transplantation to provide a functional tissue to replace the damaged func-
tions in patients. However, there remain several challenges that need to be overcome
before application in clinics. In this section, we will discuss the possible promise
and challenges of current 3D cell culture models for therapeutic purpose.

9.3.2 3D Models for Drug Discovery

3D cell cultures including organoids will likely become a powerful strategy of the
early drug discovery process. To bridge the gap between 2D culture and in vivo, a
broad spectrum of 3D cell cultures has been applied to understand the mechanisms
underlying different diseases. For example, 3D models have reconstructed hetero-
geneity in advancing tumour biology, as standard 2D models are inadequate to
address questions regarding painless disease, metastatic colonization, dormancy,
relapse, and the rapid evolution of drug resistance [61]. This section summarizes
efforts to implement various 3D cell culture technologies for different drug discov-
ery processes (Fig. 9.3).

9.3.2.1 Spheroid-Based Drug Screening

Aggregated spheroids have been tested primarily in experimental cancer research
and to oncology drug screening. Multicellular spheroid cultures were firstly investi-
gated in 1970 to recapitulate the functional phenotype of human tumour cells and
their responses to radiotherapy [62]. Spheroids of cancer cell lines have been used
to investigate different aspects of the cancer invasion process, including the invasion
of cells in a 3D spheroid into the surrounding 3D ECM structure and interactions
between endothelial and tumour cells [63]. For example, Xu et al. developed a
single-cell quantitative assay to monitor the invasion of cells in a spheroid through
3D Matrigel. They found that EGF accelerates invasion in the colon cancer cell line
HT-29, whereas vandetanib dose dependently inhibits invasion [64]. Phosphatase



9 Organoid Models of Development and Disease Towards Therapy 159

3D-highthroughput screening platform for drug discovery

H
Spheroids Organoids N / 0y N._O
HN
o]

Compound

pe

|

H \
oY

HO
0

‘\ Identify lead compoundS/‘

L $

A PP Validation of
reovwvee in vivo efficacy

screening OH i;
\\ > Mimic in vivo phenotypes / V v v V v O\ Q

Fig. 9.3 Drug discovery using 3D cell culture systems. Spheroids or organoids are used in drug
screens involving several thousand compounds, resulting in the identification of several com-
pounds. Then, these compounds are evaluated for in vivo efficacy using appropriate animal
models

and tensin homologue (PTEN) knockout increased the invasion rate of HCT116
cells in spheroids through 3D Matrigel, and the phosphatidylinositol-4,5-
bisphosphate 3-kinase (PI3K) inhibitors LY294002 and wortmannin drastically
reduced the invasiveness of the cells [65]. Senkowski et al. [66] screened 1600 com-
pounds and identified five compounds that selectively targeted the hypoxic cell
population using glucose-deprived multicellular tumour spheroids from colon can-
cer cell lines with inner hypoxia cultured in 384-well low-adhesion plates. Although
3D cell culture systems with HTS are still in their early stage and not all 3D cell
culture models are appropriate for HTS or high-content screening (HCS), further
attempts will be highly anticipated in developing simple protocols, high-density
microplate formats, and compatibility with automation and multimode detection
systems in a cost-effective manner.

9.3.2.2 Organotypic Culture- and Organoid-Based Drug Screening

Organotypic 3D coculture of cancer cells with other cell types has been used in
high-throughput formats. Kenny et al. screened 2420 pharmacologically active
compounds using a multilayered organotypic culture containing primary human
fibroblasts, mesothelial cells, and ECM so as to reproduce the human ovarian cancer
metastatic microenvironment [67]. Subsequent validation using secondary in vitro
and in vivo assays confirmed two active compounds, f-escin and tomatine, which
prevented ovarian cancer adhesion, invasion, and metastasis, leading to improved
survival in mouse models. Thus, studies preliminarily showed the potential of com-
plex 3D models to improve the relevance of drug screening assays.
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Organoid cultures have also been applied to cancer models, as well as many
other diseases including developmental disorders, infectious diseases, and neuronal
degeneration [27]. Recently, Qian et al. developed brain region-specific organoids
using mini-bioreactors for modelling Zika virus exposure [68]. A miniaturized spin-
ning bioreactor makes the culture of organoids more cost effective, and this system
may alleviate the issues of cost for organoid-based drug screening. However, full
potential of organoid-based screen awaits the additional development of high-
throughput and robust readout, reasonable fidelity, and compatibility to existing
screening capability.

9.3.2.3 Organoid-Based Toxicology Study

The development of new drugs is enormously costly, mainly because of failures, par-
ticularly in late-stage clinical trials, which are in turn partially owing to unanticipated
side effects, including cardiac and liver toxicity [69]. Therefore, there is considerable
interest in developing approaches that could more effectively predict side effects in
candidate drugs, thereby enabling the selection of candidates less likely to fail owing to
toxicity in late-stage trials. For hepatotoxicity, human primary hepatocytes are widely
used in order to complement the results of immortalized hepatic cell lines. However,
these models also have limitations such as donor sources, rapid loss of function, and
lot-to-lot variations. Recently, human ESC- and iPSC-derived hepatic cells were gener-
ated that express drug metabolism enzymes, such as cytochrome P450 3A4 (CYP3A4),
that can take up indocyanine green and respond to known hepatotoxic drugs [70]. In
addition, disease-specific human iPSC-derived hepatocytes offer a useful model for
investigating the mechanism of inherited diseases and discovering specific drug treat-
ments [71-73]. Beyond such drug discovery studies, iPSC-derived hepatocytes are
expected to become a novel model for assessing drug safety. Serious adverse effects,
such as liver failure, are major causes of drug attrition during clinical development [74]
and withdrawal of marketed pharmaceuticals. In particular, drug-induced liver injury
(DILI) is one of the major concerns in clinical practice. Although it is relatively uncom-
mon, DILI is the leading cause of acute liver failure in the USA and a major reason for
liver transplantation [75]. In preclinical studies, approximately 50% of candidate com-
pounds present hepatic effects at supra-therapeutic doses in traditional laboratory ani-
mal-based models [76]. These models are not sufficiently predictive of DILI in humans
[77]. Therefore, to overcome interspecies differences, primary human hepatocyte
(PHH) spheroids have been considered potentially useful for modelling DILI patholo-
gies [78], and human iPSC-derived hepatocyte-based models will also be useful for
predicting DILI more accurately in humans compared to conventional models [22];
furthermore, these approaches could be adapted to high-throughput screening (HTS)
systems in primary drug screens to select optimized drugs from large numbers of can-
didates [79, 80]. With the use of iPSC, human organoid technology would likely
improve the accuracy and consistency by improving maturity, long-term persistence,
and the microanatomical features such by forming bile canaliculi. Indeed, reports indi-
cated reasonable similarities to in vivo organs and proven utility for studies of
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Fig. 9.4 A possible strategy to prevent side effects using organoids. In primary drug screening,
iPSC-derived functional liver organoids are a useful model to predict side effects such as DILI
using the HTS system. Specifically, iPSC organoids generated from diverse populations showing
different drug susceptibilities would provide an effective model. Finally, animal models trans-
planted with iPSC liver organoids are expected to be useful to investigate the in-depth mechanism
and provide biomarkers for risk stratification

nephrotoxicity [81] and cardiotoxicity testing [82]. Similar trends with liver organoids
will allow DILI to be predicted more precisely through a deeper understanding of its
mechanism and are expected to be applied as a cell panel for use in primary drug
screening with the use of diverse population iPSC panels with different drug suscepti-
bilities [22]. Thus, this model would be an effective tool for predicting idiosyncratic
DILI observed in small populations and has been proposed to serve as a novel transla-
tional research model in preclinical phase (Fig. 9.4).

9.3.3 Challenges, Limitations, and Future Perspectives for 3D
Cell Cultures

Many challenges still prevent the widespread application of 3D cell culture tech-
nologies for drug discovery. In fact, 3D screens are limited in their applications,
because of the many difficulties currently associated with them, such as the
following.

1. High-throughput screening. Many 3D cell models, such as organoids, have more
complex morphology and function than 2D cultured cells, causing difficulties for
their systematic assessments. This also presents challenges in standardization of
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culture and assay protocols, phenotypes, and output data for analysis. The develop-
ment of high-density microtiter plate-based spheroid-forming plates, such as 1536-
well, low-adhesion spheroid plates, would be an attractive solution to streamline
3D spheroid-based drug screening. Recently, the 1536-well spheroid-forming
plates also make high-throughput screening (HTS) economically viable [66].

2. Improving phenotypic relevance. Obtaining desirable in vivo drug effects
from 3D screening approaches is a further challenge. Thus, it is necessary to
bridge the gap between 2D culture and in vivo 3D culture system. Identifying
a clinically relevant and measurable phenotype in 3D models is critical to
rationalize and enhance the screening process. 3D cell culture predictive
markers for drug efficacy and toxicity also need to be further determined and
validated using existing data obtained in humans. Only a small set of data has
confirmed that the efficacy and toxicity of drugs in 3D models resemble clini-
cal data [61].

3. Building advanced structures. Improving innervation and vascularization of 3D
culture models can recapitulate the complexity of human organ function [83].
With regard to liver organoids, bile canaliculi structures and transport functions
are critical for toxicity study which is yet to be proven in organoids. Going
forward, advancing organoid technologies is pivotal for recapitulating more
complex microanatomy in vitro to achieve higher-order functions. Improving
vascularization provides continuous nutrient supply from blood vessels and mat-
uration for organoids. Coculturing with endothelial cells can generate vascular-
like networks in organoids [26].

9.3.4 Emerging Approaches

Some of the most exciting recent advances in organoid research have come from
synergistic interactions between biologists and bioengineers, resulting in a new
strategy to control fluid flow, called organ-on-a-chip. Organ-on-a-chip can provide
some solutions for the previously mentioned limitations of 3D cell cultures for
disease modelling and drug screening. For instance, cultured human skin tissue in
an organ-on-a-chip has been successfully used as a surrogate to model melanoma
cancer growth [84]. When human melanoma cell lines were incorporated, the cul-
tured skin tissue recapitulated the natural features of melanocyte homeostasis and
melanoma progression in human skin. They displayed the same characteristics as
the original tumour, vertical and radial growth phases, and metastatic melanoma
cells, in vivo. The lung-on-chip was also developed to mimic breathing by stretch-
ing and compressing an artificial alveolar-capillary barrier using a cyclic vacuum
machine. This was used to model pathogenic infections and inflammatory responses
to air pollutants [85]. Similarly, an airway-on-a-chip device, lined with living
human bronchiolar epithelium from normal or chronic obstructive pulmonary dis-
ease (COPD) patients, was connected to an instrument that can simulate exhalation
of cigarette smoke and has chips to evaluate the effects of smoke-induced



9 Organoid Models of Development and Disease Towards Therapy 163

Table 9.1 Comparison of the Features/technologies Organoid Organ-on-a-chip
strengths and weakness of . Structural variability High Low
organoid and organ-on-a-chip Cellular fideli Hioh L
methodologies ellular fidelity 18 ow
Flow input/output Absent Present
Built-in readouts Absent Present
Environmental control Low High

pathophysiology in vitro. Aref et al. developed an organ-on-a-chip consisting of
lung cancer spheroids in a 3D matrix gel to recapitulate the epithelial-mesenchy-
mal transition during cancer progression [86]. Their results indicate that, at least in
the cell line model, organ-on-a-chip approach entails both qualitative and quantita-
tive advantages in drug response over conventional 2D monolayer cells.

Organoid technology and organ-on-a-chip engineering have emerged as two dis-
tinct approaches for stem cell-derived 3D tissue preparation. To know the pros and
cons of each method is vital for improving the use of 3D cell culture systems in
disease modelling (Table 9.1). Considering structural variability and cellular fidelity,
organ-on-a-chip devices reduce these sources of variation because their cellular
composition is very simplified and contains only one or two cell types that have
limited physiological relevancies. However, organ-on-a-chip approaches can con-
trol the geometry input and output flow conditions in addition to environmental
conditions such as nutrient and oxygen supply as well as shear stress stimulation.
Although organ-on-a-chip systems are amendable to high-throughput multiplexed
sensing systems using microscopy, microfluorimetry, mechanical measurements,
and multiple electrode arrays, they are subject to cellular fidelity challenges.
Alternatively, organoid systems that achieve the higher-order function of 3D tissues
and closely resemble in vivo organ tissues but generally lack screenable readouts.
Recently, researchers analysed photosensitive cells in brain organoids by incorpo-
rating a high-density silicon microelectrode sensing system, illustrating the benefits
of combining high-throughput readout sensors with organoids to further investigate
complex cellular interactions [34]. Integrated approaches will thus facilitate the
development of phenotypic screening platforms for drug discovery and develop-
ment applications with automated functional readouts. Therefore, their strategic
integration will potentially address the limitations of 3D culture models and provide
a path towards a superior, synergistic strategy for constructing tissues that will truly
deliver on the promise of regenerative and precision medicine [87].

9.4 Conclusion

In this review, the evolutionary history of 3D organoid models and their potential
and challenges for drug discovery applications were discussed. Many tissue organ-
oids have already been established using ES cell and iPS cells for drug screening
and their toxicology test. Although tissue organoids have some native tissue
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function, they are still missing aspects of mature function partly due to oversimpli-
fied culture system lacking supportive structures such as vasculature. Additionally,
improvement efficiency and reproducibility will be critical going forward.
Multidisciplinary efforts including biologists, bioengineers, and professionals from
the other emerging areas will greatly facilitate the therapeutic conversion process.
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Chapter 10
In Vivo Cell Conversion as a New Cell
Therapy
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and Gong Chen

Abstract Cells are fundamental functioning units of the human body. Every day
there are hundreds and thousands of cells die or are replaced in human beings. Some
organs such as the skin and liver have highly effective self-repair mechanisms to
replenish the lost cells with local progenitor cells, but other organs such as the brain
and spinal cord do not have much self-repair capability, particularly in the adult
stage. Classically, cell therapy is meant to supply new cells to the organ by trans-
planting external cells, typically stem cells that can be expanded in in vitro cultures.
The induced pluripotent stem cells (iPSCs) provide an unprecedented cell source
that can be derived directly from patients for tissue repair. In this review, we sum-
marize a new technology called “in vivo cell conversion” that makes use of endog-
enous cells to trans-differentiate into another type of cells to replenish the lost cells
caused by injury or diseases. The advantage of in vivo cell conversion is to relieve
the burden of in vitro cell culture that is often difficult to control in terms of batch-
to-batch variation and the risk of immunorejection after transplantation. In vivo cell
conversion has been successfully achieved in the brain, spinal cord, retina, heart,
liver, and pancreas. With the advent of sequencing technology that can decode the
transcription factors critical for cell fate determination, it is in theory possible to
convert any cells into their neighboring cells in vivo, with a right combination of
transcription factors. Because it is using patients’ own internal cells as the resource
for tissue repair, we predict that in vivo cell conversion will be the next-generation
cell therapy for regenerative medicine.
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10.1 Classical Cell Therapy for Neural Repair

Regenerative medicine requires creative approaches for translational purpose since
many human organs have limited self-regeneration capability under physiological
or pathological conditions. One such approach currently adopted for regenerative
medicine is stem cell therapy. The promise of stem cells is to supply target cells
upon transplantation in order to rescue the deficits induced by injury or diseases.
One successful example is the hematopoietic stem cell, which has been transplanted
into patients by way of bone marrow, peripheral blood, or umbilical cord blood to
treat hematological disorders and malignancies such as leukemia. At least in mice,
it has been demonstrated that a single hematopoietic stem cell can give rise to multi-
lineages of blood cell types and reconstitute the lymphohematopoietic system [1].
Currently, there are many clinical trials using stem cells as therapies, but they also
meet with challenges at the same time [2].

In the central nervous system (CNS), while neural stem cells (NSCs) can be
efficiently induced to differentiate into different subtypes of neurons in cell cul-
tures, they have largely failed to differentiate in vivo after transplantation due to
non-neurogenic environment in injured or diseased adult CNS. In fact, most trans-
planted neural stem cells differentiate into glial cells (mainly astrocytes) in adult or
injured CNS [3]. In several studies, the transplanted neural progenitor cells (NPCs)
are suggested to benefit functional recovery after nerve injury through secreting
neurotrophic factors that promote endogenous axonal regeneration rather than
replacing lost neurons [4—6].

One successful case in regard to neuronal replacement is the transplantation of
human fetal tissue into the striatum of Parkinson patients [7]. Another example in
animal models is the transplantation of GABAergic interneuron progenitors [8, 9].
Previous reports have demonstrated that transplantation of MGE-derived
GABAergic interneuron progenitors functionally improve neurological behavior in
several animal disease models [10-14]. The transplantation of GABAergic inter-
neurons into the spinal cord has also been demonstrated to reduce neuropathic pain
that is induced by the injury [15]. These promising results enlighten hope to
develop these treatments into clinical therapies, but they also face the common
challenges for all cell replacement approaches—the source of transplantable
human cells for therapies. Human embryonic stem cells (ESCs) [16] have been
successfully differentiated into neuronal subtypes in vitro [17-20]. However, when
transplanted into in vivo rodent models, human ESCs cannot be efficiently differ-
entiated into target neurons in the CNS. Furthermore, human ESCs suffer from
immunorejection after transplantation. Thus, most hESC studies were performed
either in immunodeficient mice or with the use of immune suppressors. The autolo-
gous induced pluripotent stem cells (iPSCs) might be able to bypass immunorejec-
tion issues since they can be established from patient’s own cells (see details in the
next section). Finally, both hESCs and hiPSCs will have to deal with safety issues
when come down to therapy, since both types of stem cells have the potential to
form tumors in vivo.
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An alternative strategy for the CNS injury repair is to make use of endogenous
neural stem cells to replenish the lost neurons caused by the injury. The subventricu-
lar zone (SVZ) of the adult forebrain [21, 22] and subgranular zone (SGZ) of the
hippocampus [23] are the two discrete brain regions where neural stem cells reside
in mice [24] and human [25, 26]. Under physiological condition, neural stem cells
in the SVZ is responsible for sending new neurons to the olfactory bulb via the ros-
tral migratory stream (RMS) for new sense of smell [27-31], while SGZ neural
stem cells give rise to new granule neurons in the hippocampus where they contrib-
ute to learning and memory [32-34]. This ongoing adult neurogenesis is a dynami-
cally regulated process, since neuroregeneration is enhanced when animals are
exposed to an enriched environment [35], novel stimuli [36], or subjected to volun-
tary exercise [37].

Upon injury or under disease conditions, NSC proliferation and neurogenesis
can be promoted in the “niches” of the adult brain [38]. The newly generated neu-
rons or neuroblasts can be redirected from their normal routes toward the site of
injury [39, 40]. Previous reports have demonstrated that endogenously generated
neurons can mature and integrate into the local circuits [41-43]. Besides well-
documented NSCs in the SVZ and SGZ, scattered reports also find some newborn
neurons in other brain regions [44], but in vivo lineage tracing studies mainly find
glial cells derived from endogenous NSCs [45]. Most recent studies only found a
few thousands neuroprogenitors in adult human brains, which have billions of neu-
rons [46, 47]. Therefore, it is generally believed that endogenous neurogenesis may
have limited capacity for injury repair, because many newborn neurons undergo
apoptosis after generation [39, 48].

The induced pluripotent stem cell (iPSC) technology has revolutionized regenera-
tive medicine. Reprogramming technology can be traced back to 1962, when Sir
John Gurdon created a cloned frog with “nuclear transfer” technique [49], where the
nucleus of a terminally differentiated somatic cell can be “reprogrammed” back to
the primitive state of development equivalent to a fertilized egg. After three decades,
the first mammal Dolly sheep was successfully cloned [50]. Most recently, cloned
monkeys were also reported [51]. In cell cultures, fibroblast cells were reprogrammed
into myoblasts with a single transcription factor MyoD1 [52]. However, this concept
of cellular reprogramming has not been fully appreciated until Shinya Yamanaka and
colleagues successfully reprogrammed mouse and human skin fibroblast cells into
induced pluripotent stem cells using four transcription factors (Oct4, Sox2, K1f4, and
c-Myc) [53, 54]. This iPSC technology makes it possible to reprogram patients’ own
cells into stem cells, and then differentiate into a variety of somatic cells for cell
replacement therapies. Following this groundbreaking research, many laboratories
around the world have generated iPSCs using different transcription factors [55-59],
noncoding RNAs [60-63], and small molecules [64—66]. In addition to fibroblasts,
iPSCs have been derived from a variety of cell types including liver and stomach
cells [67], pancreatic cells [68], B lymphocytes [56], neural progenitors [69], T cells
[70], and cord blood cells [71]. The iPSCs resemble, to a large extend, the naive
ESCs and can be expanded in cell cultures before differentiated into different cell
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types in a controlled manner. Importantly, iPS cells can be derived from patient’s
own cells to overcome immunorejection when used for transplantation [72-77].
However, iPS cells still suffer potential problems such as tumorigenesis after trans-
plantation [78]. Careful evaluation in the clinical setting is much needed before
large-scale clinical trials [79, 80].

10.2 1In Vivo Cell Conversion as the Next-Generation Cell
Therapy

To overcome the limitation of cell transplantation using in vitro cultured cells,
recent progress on in vivo reprogramming technology provides a new avenue for
regenerative medicine using endogenous cells for tissue repair. Dr. Douglas Melton
and colleagues first reported direct reprogramming of non-insulin-secreting cells
into insulin-secreting f cells [81]. This was quickly followed with successful in vivo
reprogramming in the heart [82—-84], brain and spinal cord [85-93], and liver [94,
95]. The advantage of in vivo reprogramming is to make use of internal cells to
regenerate target cells without any complication of transplanting external cells.
However, so far the efficiency of in vivo reprogramming achieved in different organs
is quite different, with the highest efficiency of 90% reported in adult mouse cortex
[88]. The following sections review the success of in vivo reprogramming in each
organ, with in-depth review in the CNS.

10.3 Pancreas

There are approximately three million cell clusters called pancreatic islets in the
human pancreas [96]. Within these islets are two major types of cells involved in the
regulation of blood glucose levels. The a cells secrete glucagon to increase glucose
in the blood, while the p cells secrete insulin to decrease it. Chronic autoimmune-
induced B-cell degeneration leads to a shortage of insulin and develops into type 1
diabetes (T1D) [97]. To correct the disease phenotype, pancreatic transplantation
and boosting p-cell proliferation provide potential strategies to treat T1D [98].
Recently, in vivo reprogramming technology provides a novel strategy to generate
functional p cells inside the pancreas from other internal cell types to treat
T1D. Insulin-secreting p cells are located within the islets alongside other hormone-
secreting cells including glucagon-secreting o cells and somatostatin-secreting
cells. The a cells are a particularly attractive internal cell source for reprogramming,
because they are developmentally related to § cells. Reprogramming a cells to 8
cells not only reduces glucagon but also increases insulin, both of which will work
to reduce the glucose concentration in the blood. To achieve o to f§ cell conversion,
master transcription factors involved in normal pancreatic cell development are
investigated. Overexpressing a set of three transcription factors (Ngn3, Pdx1, and
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Mafa) in the abundant pancreatic exocrine cells can convert exocrine cells into §
cells in situ in the pancreases of adult diabetic mice [81]. Importantly, the newly
induced B cells can secrete active insulin and ameliorate hyperglycemia in the
chemically induced pancreatic injury mouse model [81]. In addition, Pax4 promotes
the P and O cell lineages, whereas Arx is involved in specifying cell fate of a cells.
Either overexpression of Pax4 [99] or knockdown of Arx [100] promotes o cells to
B-like cell conversion. Besides genetic methods, fasting-mimicking diets in mice
induce Ngn3-driven regeneration of insulin-secreting p cells, which in turn reverses
diabetic symptoms in mouse models [101]. Interestingly, enhancement of GABA ,
receptor signaling via long-term administration of GABA [102] or artemisinin [103]
results in the conversion of glucagon-secreting o cells into functional insulin-
secreting f-like cells in vivo. Because artemether is a widely deployed antimalarial
drug and GABA is an additive in food or beverages, it will be interesting to conduct
clinical trials to test their effects in T1D patients.

10.4 Heart

Cardiovascular diseases stand as the leading cause of human death globally. Besides
whole heart transplantation, which depends heavily on the limited availability of
donated organs, cardiac regenerative medicine holds promise to treat heart diseases.
Different strategies based on various animal models were developed to replace the
lost cardiomyocytes (CMs) with induced cardiomyocytes (iCMs). The CMs for
transplantation may be derived from cardiac progenitor cells [104], bone marrow
cells [105], and pluripotent stem cells (PSCs) [106]. iPS cells have been widely
used in differentiation into iCMs, with some favorable outcomes in both structural
and functional repair after iCM engraftment [107-110].

Recently, direct in vivo reprogramming technology opens a new avenue for
regeneration in the heart [8§2—-84]. The adult mammalian heart consists of cardio-
myocytes and other cell types, including vascular cells and cardiac fibroblasts (CFs).
The CFs comprise nearly half of the whole cardiac tissue and can proliferate and
secrete growth factors upon cardiac injury. Thus, direct reprogramming of endoge-
nous CFs into functional iCMs in situ seems to be an ideal approach for heart regen-
eration. Based on earlier studies [111-114], Ieda et al. screened 14 candidate genes
that could activate cardiac programming in the CFs and identified 3 cardiac tran-
scription factors (Gata4, Mef2c, and Tbx5, briefly as GMT) to directly trans-
differentiate neonatal CFs into cardiomyocyte-like cells in vitro and in vivo [82].

In 2012, several groups independently made important progress on cardiac
reprogramming in mouse myocardial infarction (MI) models in vivo [83, 84, 115,
116]. Olson and colleagues used GMT plus Hand2 (GHMT) to reprogram adult
mouse CFs into beating cardiac-like myocytes in vitro and convert non-CMs into
functional iCMs in vivo, showing calcium transients and action potentials [84].
Srivastava and colleagues achieved similar iCM conversion after GMT delivery by
retrovirus into the peri-infarct areas of the mouse myocardium in vivo and observed
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beneficial effects after the treatment [83]. Furthermore, through lineage tracing
strategy, they indicated that the converted cells originated mainly from CFs infected
by GMT with ~12% conversion efficiency [83]. Another study used a combination
of four microRNAs by lentiviral delivery into the ischemic mouse myocardium con-
verted CFs into CM-like cells in vivo [116]. Later, they proved that the converted
iCMs in vivo by microRNAs were comparable to those by transcription factors in
morphological, physiological, and functional aspects [117].

Inspired by these studies, additional transcription factors [118, 119], microRNAs
[117, 120], and small chemical molecules [119, 121] were explored to achieve
CF-to-CM conversion with better reprogramming efficiency (from 3- to 50-folds in
different instances) and functional maturity. In 2014, Ding and colleagues com-
bined a single transcription factor (Oct4) with a chemical cocktail of SB431542
(TGFp inhibitor), CHIR99021 (Wnt activator), Parnate and Forskolin to reprogram
fibroblasts into iCMs successfully with ~1% conversion efficiency in vitro [119].
More recently, Srivastava and colleagues demonstrated that cardiac reprogramming
in vivo by GMT could be greatly improved by intraperitoneal injection of SB431542
and XAV939 (Wnt inhibitor), which converted CFs into iCMs with fourfold higher
ratio and more molecular similarity to primitive CMs and better cardiac function
recovery after MI [122]. In a 2018 study by Ieda and colleagues, a non-integrating
Sendai virus was used to deliver reprogramming factors, which remarkably increase
the efficiency of CF-to-CM conversion by robust gene expression over retrovirus
both in cultured mouse and human fibroblasts as well as in mouse model in vivo
[123]. These studies suggest that specific genetic and epigenetic barriers may be the
key obstacles toward successful cardiac reprogramming [121, 124, 125]. Compared
with the use of viral vectors which may cause immune response [126], small mol-
ecules may facilitate the therapeutic application of in vivo cardiac reprogramming
[122, 127].

On the other hand, CM renewal is not the only component required for heart
regeneration. Supporting blood circulation is also necessary for metabolic recovery
in infarcted myocardium. Vascularization via vascular endothelial growth factors
(VEGF) in the scar tissue prior to GMT treatment could reduce myocardial fibrosis
and improve CM conversion and myocardial function both in vitro and in vivo [128,
129]. Therefore, a favorable microenvironment can have a positive impact on car-
diac reprogramming in situ.

Besides the encouraging results in murine models in vivo, cardiac reprogram-
ming in human cells in vitro also made significant progress. Human fibroblasts
(HFs) have been reprogrammed into iCMs in vitro with different combinations of
transcription factors, microRNAs, and small molecules [130-132]. For example, a
combination of five transcription factors (GMT plus ESRRG and MESP1) was used
to directly convert HFs into iCMs [133]. Then, a combination of modified GHMT
and three cytokines (BMP4, activin A, and bFGF) was capable of reprogramming
HFs into induced cardiac progenitor cells, which could further differentiate into
three cardiac lineages in vitro and improve cardiac function after transplantation
in vivo [134]. In a more recent research, a cocktail of nine chemicals (9C) was
reported to convert HFs into functional iCMs in vitro [135]. After transplantation
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into mouse infarcted hearts, the 9C-treated HFs were compatible with the injured
heart environment and could further mature into CMs in vivo [135]. These findings
raise the hope of in vivo reprogramming non-CMs into CMs for human heart regen-
eration, especially using pharmacological agents.

10.5 Liver

Liver is the only visceral organ that has a remarkable capacity to regenerate after
either chemical injury or surgical removal [136]. However, its self-regeneration is
still not enough to revert chronic hepatic diseases such as liver cirrhosis [137].
Under chronic liver injury, the myofibroblast will be over-activated and start to
secrete excessive collagen into the tissue matrix, which significantly reduces hepatic
blood flow and compromises hepatocyte function, ultimately leading to cirrhotic
liver disease and liver failure [137]. So far the most effective treatment for the late
stage liver fibrosis is liver transplantation. Recently, in vivo reprogramming tech-
nology provides an alternative approach to treat liver cirrhosis. Ectopic overexpres-
sion of four human transcription factors (FOXA3, HNF1A, HNF4A, and GATA4)
reprogrammed liver myofibroblasts into hepatocytes in vitro [95], while overex-
pression of six murine transcription factors (hnfla, hnf4a, foxal, foxa2, foxa3, and
foxa4) also converted myofibroblasts into hepatocytes in vitro [94]. After injection
of the polycistronic viruses expressing multiple transcription factors into the mouse
liver in vivo, the myofibroblasts were directly reprogrammed into functional hepa-
tocytes, but both strategies suffered from very low reprogramming efficacy (<1% of
total hepatocytes) [137]. Despite the functional hepatocytes and proper hepatic gene
expression profile, the converted cells continued to express some of the myofibro-
blast genes, suggesting that they are an intermediate cell type that still retains some
properties of myofibroblasts. Since activated myofibroblasts secrete large amount of
collagen to destroy the normal functions of the liver and lead to cirrhosis, in vivo
conversion of myofibroblasts not only generates new hepatocytes but also reduces
harmful myofibroblasts. Therefore, although only a small number of myofibroblasts
were converted into hepatocyte-like cells, both of the aforementioned conversion
methods showed significant therapeutic benefits by reducing the extent of liver
injury and fibrosis in several liver disease mouse models [94, 95].

10.6 In Vivo Cell Conversion in the CNS

In vivo reprogramming inside the CNS, including both the brain and spinal cord,
has advanced rapidly over the past several years, largely due to the high efficiency
of astrocyte-to-neuron conversion achieved through expressing a single or a combi-
nation of transcription factors. In some cases, the in vivo reprogramming efficiency
can reach as high as 90% [88], making it exceptional in the entire regenerative
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medicine field. Such high in vivo reprogramming efficiency raises new hope of
brain repair using in vivo neuroregeneration to treat neurodegenerative disorders
without transplantation of external stem cells.

10.7 Cerebral Cortex

Neuroregeneration in the cerebral cortex has been proven very difficult in the past
because of a lack of adult neural stem cells. Studies have shown very few newborn
neurons in the cortex even in pathological conditions such as stroke [39] but rather
reactive astrogliosis after cortical injury [138]. Molecular manipulations such as
antagonizing Olig2 function or overexpressing neurogenic factor Pax6 can generate
some immature neurons in injured cortex [139]. In cultured cortical astrocytes,
overexpression of neurogenin-2 (Ngn2) can efficiently convert astrocytes into neu-
rons in vitro with 90% efficiency [140]. However, when retroviruses expressing
Ngn2 were injected into the adult mouse cortex, the in vivo reprogramming effi-
ciency was very low, suggesting that in vitro and in vivo reprogramming can be very
different. In contrast, when retroviruses expressing NeuroD1 were injected into the
adult mouse cortex, many reactive astrocytes were directly converted into functional
neurons, which had been verified with electrophysiological recordings [88].
Moreover, expression of NeuroD1 in reactive astrocytes in an adult (14-month-old)
mouse model for Alzheimer’s disease also directly converted reactive astrocytes
into functional neurons [88]. Both Ngn2 and NeuroD1 belong to the same bHLH
family of transcriptional factors that play an important role during early brain devel-
opment. Why do they show such difference in in vivo reprogramming efficiency in
the adult mouse cortex? Different from Ngn2, which is mainly functioning in
embryonic stages, NeuroD1 also plays a role in the adult neurogenesis in hippocam-
pus [141] and olfactory bulb [142]. This may partially explain why NeuroD1 acts
more efficiently than Ngn2 in the adult brain for in vivo reprogramming. While
Ngn?2 alone is not very effective, it can convert astrocytes into neurons in the mouse
cortex when combined with additional factors such as Bcl-2 [86, 143] or a high dose
of fibroblast growth factor 2 (FGF2) and epidermal growth factor (EGF) [87].
However, it is unclear whether these Ngn2-converted neurons are fully functional
due to a lack of electrophysiological analysis. In addition, another bHLH factor
Ascll has been reported to successfully convert astrocytes into functional neurons
in the midbrain, verified with electrophysiological recordings [89].

Besides astrocytes, NG2 glia in the cortex is also a potential candidate for in vivo
conversion because of their remarkable self-renewal capacity [87, 88, 144]. Ectopic
expression of NeuroD1 in NG2 glia has shown successful NG2-to-neuron conver-
sion in the adult mouse cortex [88]. Interestingly, while the majority of astrocyte-
converted neurons are glutamatergic, a small portion of NG2 glia-converted neurons
are GABAergic [88], suggesting that different lineages of glial cells can be used to
generate different subtypes of neurons for the treatment of various neurological
disorders.
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It is worth mentioning that new technology using CRISPR-dCas9 gene editing
has generated transgenic mice that can target multiple transcription factors in the
bHLH family to convert astrocytes into neurons, although the efficiency is relatively
low [145].

10.8 Striatum

Striatum receives glutamatergic and dopaminergic input from the cortex and mid-
brain and modulates diverse brain functions. Disrupting neuronal circuits in the
striatum may cause severe malfunction in motor, rewarding, cognitive, and emo-
tional systems, as observed in Parkinson’s disease (PD), Huntington’s disease (HD),
and ischemic stroke. GABAergic medium spiny neurons (MSNs) are the largest
neuronal population in striatum sending their projections to multiple brain regions,
and their activity is modulated by dopaminergic input as well as local interneurons.
Although physically located next to neurogenic subventricular zone (SVZ), striatum
is generally considered as a quiescent brain region with very limited neurogenesis
through adulthood. However, newborn neurons have been observed in the striatum
following ischemic stroke [39, 146—151]. While most of these newborn neurons are
generated through neuroblasts that migrate from the SVZ toward injured areas, a
small portion might be trans-differentiated from striatal astrocytes, a process regu-
lated by the Notch signaling pathway [152]. However, the poor functional recovery
after stroke suggests that such internal brain plasticity is not enough for self-repair.
To overcome this limitation, Dr. Zhang and colleagues first reported the use of Sox2,
a transcription factor highly expressed in neural stem cells, to convert striatal astro-
cytes into neuroblasts [91]. Those Sox2-converted neuroblasts behave similar to the
endogenous ones showing high expression level of Ascll and DCX, and self-
renewing capability [90]. When treated with BDNF and noggin or histone deacety-
lase inhibitor VPA, Sox2-converted neuroblasts are able to differentiate into
functional neurons and integrate into neural circuits [91]. Interestingly, microRNA
miR-302/367 combined with VPA also induces the conversion of striatal glial cells
into DCX+ neuroblasts [153]. An advantage of generating neuroblasts is that they
retain the proliferative capability, which may continuously generate new neurons to
a significant number for repair. On the other hand, if the proliferation of neuroblasts
cannot be precisely controlled, they might result in tumor formation. To circumvent
this issue, several groups have employed bHLH transcription factors in combination
with other factors to directly convert striatal astrocytes into neurons, including
Ascll [89], Ascll plus Brn2 and Mytl1 [154], and Ngn2 plus growth factors FGF2
and EGF [87]. When Sox2 and Ascll were co-expressed in cortical NG2 glia,
immature neuroblasts were generated, and a few of them displayed functional prop-
erty of mature neurons as revealed by electrophysiological recordings [155].

Two recent studies reported that microRNAs [156] and nanoparticles [157]
might facilitate in vivo neuronal reprogramming of dopaminergic (DA) neurons
from striatal astrocytes. Specifically, miR-218, a microRNA regulating DA neuron
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development, enables transcription factors (ASCL1, LMX1A, and NEUROD1) to
generate DA neuron from astrocytes in the striatum of a PD mouse model [156].
Although the converted neurons were relatively small in number (14.6 = 8.5 DA
neurons/brain section), they appeared to improve some performance in behavioral
tests such as rotation, gait, and coordination. In the presence of defined electromag-
netic fields, electromagnetized gold nanoparticles were reported to facilitate the
transcription factors (Ascll, Pitx2, Lmxla, and Nurrl) in converting mouse mid-
brain astrocytes into DA neurons in a PD mouse model through activating the his-
tone H3K27 acetylation [157]. Systemic delivery of AAV particles has been tested
for in vivo reprogramming as well, as demonstrated by intravascular injection of
AAV expressing NEURODI1 that can cross the blood-brain barrier (BBB) and con-
vert a small number of astrocytes into neurons (around ten converted neurons per
striatum) in postnatal mouse striatum [85]. Lineage tracing results suggest that
these neurons are likely converted from nonreactive astrocytes, which may explain
why the conversion efficiency is much lower than that converted from reactive
astrocytes after injury [88].

Astrocytes are not a homogenous population and rather a diverse population with
a variety of lineages in different brain and spinal cord regions [143, 158]. The het-
erogeneity of glial cells and distinct microenvironment suggest that glia-to-neuron
conversion will have regional difference even using the same conversion factors
[87]. Besides astrocytes, NG2 glia may serve as another cell source for in vivo neu-
ronal reprogramming. A number of transcription factors have been tested in attempt
to convert NG2 glia into neurons. The combinations of transcription factors, i.e.,
ALN (Ascll, Lmxla, Nurrl), Ng2ND1 (Ngn2, NeuroD1), NgAN (Ngn2, Ascll,
Nurrl), and NgLLN (Ngn2, Lmx1a, Nurrl), all successfully converted striatal NG2
glia into neurons [159, 160]. More research is undergoing to generate specific sub-
types of neurons in specific brain regions.

10.9 Spinal Cord

In vivo reprogramming has not been extensively studied in the spinal cord compar-
ing to the brain. Spinal cord has very limited neurogenic capacity under both physi-
ological and injured conditions [161-163]. While neural progenitors isolated from
injured spinal cord are able to differentiate into neurons and glia in cell culture
condition [164, 165], such neuronal differentiation rarely occurs in the injured spi-
nal cord in vivo. Furthermore, transplanted multipotent neural stem cells end up
with mostly glial cells in the injured spinal cord, supporting the idea that injury
environment favors gliogenesis rather than neurogenesis in the spinal cord [166,
167]. To overcome this limitation, manipulation of microenvironment and cellular
intrinsic properties has been explored to facilitate neuronal differentiation. In tran-
sected spinal cord, injection of a combination of growth factors (FGF2 and EGF)
substantially increased the proliferation of neural progenitors (Olig2+, Nkx2.2+,
and NG2+) and neuronal differentiation [163]. However, the newborn neurons
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appeared to stall at immature stage and only started to express mature neuronal
markers such as NeuN, MAP 2, and synaptic marker synaptophysin after combined
with overexpressing the neurogenic transcription factor NGN2. These newly added
neurons, albeit substantial in number, have poor long-term survival even in the pres-
ence of BDNF, a neurotrophic factor that appears to help improve short-term sur-
vival of these cells [163].

More recently, Zhang lab reported using transcription factor Sox2 to reprogram
astrocytes into neuroblasts before further differentiating into neurons in the spinal
cord [92, 93]. Sox2 expression is under the control of hGFAP promoter to target
astrocytes, which can be reprogrammed into DCX+ neuroblasts within 4 weeks
after virus injection into the spinal cord. These reprogrammed neuroblasts can fur-
ther differentiate into mature neurons that express NeuN and Map 2 by the treatment
of a histone deacetylase inhibitor valproic acid (VPA). This is the first report in the
adult spinal cord on in vivo reprogramming astrocytes into mature neurons.
However, the neuronal reprogramming efficiency by Sox2 is quite low (6% with the
treatment of VPA). Whether this low number of newborn neurons will have a sig-
nificant impact in functional repair after spinal cord injury is still a question. The
second report from the same lab demonstrated that the p53 pathway regulates Sox2-
mediated reprogramming, and suppressing pS3 and p21 expression promoted cell
cycle exit of the newborn neuroblasts [93]. In the presence of exogenous neuro-
trophic factors, these post-mitotic neurons were able to mature and acquire markers
of neuronal subtypes in the adult spinal cord. Nevertheless, further investigation is
needed to examine electrophysiological properties of these newborn neurons and
their functional effects in behavioral assays. Another important issue to be addressed
is the survival of the reprogrammed neurons in an environment suffered from spinal
cord injury, because long-term survival of the reprogrammed neurons is essential
for functional recovery. At least some of the Sox2-reprogrammed neurons were able
to survive for up to 30 weeks in the spinal cord [92]. The critical data much needed
for future studies is the regeneration of a large number of new neurons in a severe
spinal cord injury model with a clear functional repair outcome.

10.10 Retina

In fish, but not mammals, Muller glia in the retina have the capacity to regenerate
neurons for repair after injury. The question is whether unique mechanisms underly-
ing neuronal regeneration in fish can be applied in mammals for functional repair.
Inspired by this idea, two groups reported recently that Muller glia indeed can be
reprogrammed to give rise to functional neurons that integrate into the local neuro-
nal circuitry and even recover visual function [168, 169]. Overexpressing neuro-
genic transcription factor Ascll in Muller glia of the adult mouse retina, when
combined with the histone deacetylase inhibitor trichostatin A (TSA), can success-
fully convert the adult glial cells into functional neurons in an excitotoxicity injury
model [168]. Interestingly, the key of this successful neuronal conversion is to treat
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adult mice with TSA, which modifies chromatin structure for active gene transcrip-
tion. The same research group has previously demonstrated that neuronal conver-
sion by Ascll overexpression alone in the retina can only occur in young mice, but
not adult mice, without TSA treatment [170]. Ascll was chosen in these studies
based on its expression pattern during retinal development [171] and its upregulated
expression level in Muller glia upon injury [172, 173].

Using a different set of transcription factors, another group reported that Muller
glia in the adult mouse retina can be reprogrammed to a specific subtype of retinal
neurons, i.e., photoreceptors, which help improve visual behavior of the mice [169].
In this study, the authors first activated Muller glia by overexpressing f-catenin to
stimulate their proliferation and then 2 weeks later transduce Muller glia with a
combination of three transcription factors (Otx2, Crx, and Nrl), all of which are
important for photoreceptor cell fate determination. The reprogrammed photorecep-
tors acquire typical morphology of the native ones and express essential Rod photo-
receptor genes including rhodopsin and peripherin-2 [169]. More importantly, the
authors showed that photoreceptor reprogramming was able to correct visual defects
of Gnat1™7Gnat2°™ transgenic mice [169]. The abovementioned two recent studies
demonstrated that Muller glia in the retina can be reprogrammed, not only into
functional neurons but also neurons with different subtypes, i.e., photoreceptors
[169] and bipolar cells [168], indicating the plasticity of Muller glia during neuronal
reprogramming process. Regeneration of other neuronal subtypes such as retinal
ganglion cells is in need to fully repair retinal circuitry after injury or in diseases.

10.11 Conclusion and Perspective

Classical cell therapy relies upon replacing one cell with an external cell that has been
transplanted from an external source. Such cell replacement therapy has not been
widely used in therapeutic applications after being tested for several decades, partly
due to low efficiency differentiation and partly due to low survival rate after engraft-
ment. Previously, the engraftment of human fetal tissue after abortion or the use of
human embryonic stem cells has met challenges of ethical issues and the limitation
of resources. The invention of human iPSCs not only makes it possible to obtain
unlimited human cells for therapeutic need but also makes it possible to generate
autologous cells from patients’ own cells for cell replacement therapy. Moreover,
the concept of turning a fibroblast cell into a stem cell stimulated the imagination of
scientists and makes it possible now to convert almost any type of cells into another
type of different cells, an unthinkable approach decades ago. On the other hand,
iPSC approach relies heavily on in vitro culture condition, which greatly limits its
clinical applications due to the commonly encountered problems associated with
classical stem cell therapy, such as low efficiency and low survival rate. Encouraged
by in vitro transdifferentiation studies, we and other groups pioneered in vivo cell
conversion technology. It is rather unexpected that in vivo converting reactive astro-
cytes into functional neurons could reach very high efficiency, as high as 90%. It is
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such high in vivo cell conversion efficiency that gives neuroscientists as well as neu-
ral stem cell biologists the confidence that the in vivo neuroregeneration approach
will be the next-generation cell therapy to treat neurodegenerative disorders. In fact,
despite a few successful examples of cell transplantation into the brain or retina of
patients, there is so far no universal cell transplantation therapy available to treat
severe neurological disorders. Exploring new technology of in vivo cell conver-
sion as a potential therapeutic treatment might open a new avenue for searching the
cure of neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s
disease. On the other hand, in vivo cell conversion technology is still in its infant
stage. Much more in-depth studies are needed to elucidate the molecular mecha-
nisms underlying the conversion process and, perhaps even more importantly, to
investigate the functional integration of the converted cells into preexisting circuits.
If injured neural circuits can be rebuilt through in vivo glia-to-neuron conversion,
functional recovery will follow the circuit rebuilding.
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