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Abstract

Induced pluripotent stem cells (iPSCs) were first described over a decade ago and are
currently used in various basic biology and clinical research fields. Recent advances in the
field of human iPSCs have opened the way to a better understanding of the biology of human
diseases.

Disease-specific iPSCs provide an unparalleled opportunity to establish novel human cell-
based disease models, with the potential to enhance our understanding of the molecular
mechanisms underlying human malignancies, and to accelerate the identification of effective
new drugs. When combined with genome editing technologies, iIPSCs represent a new
approach to study single or multiple disease-causing mutations and model specific diseases in
vitro. In addition, genetically corrected patient-specific iPSCs could potentially be used for
stem cell based therapy. Furthermore, the reprogrammed cells share patient-specific genetic
background, offering a new platform to develop personalized therapy/medicine for patients.

In this review we discuss the recent advances in iPSC research technology and their potential
applications in hematological diseases. Somatic cell reprogramming has presented new routes
for generating patient-derived iPSCs, which can be differentiated to hematopoietic stem cells
and the various downstream hematopoietic lineages. iPSC technology shows promise in the
modeling of both inherited and acquired hematological disorders. A direct reprogramming
and differentiation strategy is able to recapitulate hematological disorder progression and
capture the earliest molecular alterations that underlie the initiation of hematological
malignancies.
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1. Introduction

Embryonic stem cells (ESCs) derived from the inner cell mass of mammalian blastocysts,
have the potential to grow indefinitely while maintaining pluripotency and the ability to
differentiate into cells of all three germ layers (ectoderm, endoderm and mesoderm) (Evans
and Kaufman, 1981). The potential for their use in the study of human disease, drug
discovery and transplantation medicine was first reported by Thomson and colleagues
(Thomson et al., 1998). However, ethical issues associated with the use of human embryos,
as well as the potential problems with tissue rejection, led researchers to look for ways to
generate pluripotent cells directly from patient somatic cells.

Somatic cells were first reprogrammed by transferring their nuclear contents into oocytes
(Gurdon, 1962a) and also by fusing their nuclear contents into ESCs (Tada et al., 2001),
indicating that unfertilized oocytes and ESCs contain factors that can confer pluripotency to
somatic cells.

In 2006, Takahashi and Yamanaka showed that terminally differentiated somatic cells
(fibroblasts) can be reprogrammed to pluripotent stem cells that have a similar range of
properties including gene expression profile and differentiation propensity (three germ layers)
to ESCs, by expressing four transcription factors - OCT4, SOX2, KLF4 and cMYC (OSKM
factors) - in mouse cells (Takahashi and Yamanaka, 2006). Cells generated using this method
were termed induced pluripotent stem cells (iPSCs). One year later, two research groups
independently reported the generation of iPSCs from human somatic cells (Takahashi et al.,
2007; Yu et al., 2007) by using different combinations of transcription factors.

Advances in the field of reprogramming somatic cells to human iPSCs have been numerous.
These include reprogramming methods that do not require genomic integration of the
reprogramming factors, such as episomal, mRNA and protein forms of the OSKM factors
(Table 1), improvements in the reprogramming efficiency through the use of small molecules
(Table 1) and progress in culture of viable iPSCs in xeno-free, serum-free and feeder-free
conditions (Bell et al., 2018; Halaidych et al., 2018). Such technological advances have led to
exciting research in the field of pluripotent stem cells, particularly for disease modeling, drug
discovery and regenerative medicine/ stem cell based therapy. In addition, advances in the
field of genetic engineering are enabling the generation of genetically defined human iPSCs
to recapitulate disease model platforms in vitro as well as stem cell-based therapy.

The use of iIPSC holds great promise for human disease modeling, drug discovery and stem
cell-based therapy and the potential is only beginning to be realized with the advances in
iIPSC technology. We provide an overview of the progress in each of these applications and
demonstrate how they have influenced the study of both inherited and acquired hematological
disorders.

2. Reprogramming methods

Attempts to reprogram somatic cells date back to the 1960s, when Gurdon successfully
transferred a nucleus from an endoderm cell to an enucleated Xenopus laevis oocyte in order
to develop adult frogs (Gurdon, 1962a; Gurdon and Uehlinger, 1966). In 2001, Tada et al.
established a new method to reprogram somatic cells by fusion with ESCs (Tada et al., 2001).



Both techniques were limited in their application potential for research and future therapy due
to ethical issues associated with using human embryos (Li et al., 2017).

The development of iPSCs by Takahashi and Yamanaka in 2006 opened up new
opportunities to overcome these issues. In their initial experiment of iPSC development, they
used retrovirus for ectopic delivery of the OSKM transcription factors into somatic cells
(Takahashi and Yamanaka, 2006). They reported about 20 retroviral integration sites which
were unique for every iPSC clone (Takahashi et al., 2007; Takahashi and Yamanaka, 2006).
In addition, others have discovered that alternative combination of reprogramming factors
such as, OCT4, SOX2, NANOG, and LIN28, can also generate iPSCs (Yu et al., 2007).

A number of reprogramming methods can be used to deliver reprogramming factors into
cells. These methods are broadly divided into integrative systems and non-integrative
systems. In light of the integrating vectors used in the original study, various reprogramming
methods have been developed, including the use of integrating vectors with inducible
promoters in order to control the expression of the iPSC reprogramming transcription factors,
and of integrating vectors coupled with the Cre/loxP system to excise the transgene after the
reprogramming has occurred (Soldner et al., 2009). These methods were developed in order
to increase the safety, efficiency and quality of the iPSCs (Hussein and Nagy, 2012).
However, integrative delivery systems come with an inherent risk of insertional mutagenesis
which largely limits their therapeutic application.

Non-integrative methods have the advantage of lacking insertional mutagenesis, but show
lower reprogramming efficiencies than integrating vectors (Gonzalez et al., 2011). Examples
of non-integrative viral systems for reprogramming are adenovirus (Zhou and Freed, 2009)
and Sendai virus (SeV) (Ban et al., 2011; Seki et al., 2012). However, the reprogramming
efficiency with adenovirus is very low (Stadtfeld et al., 2008) and their production is labor
intensive. SeV is a negative strand single-stranded RNA virus that does not enter the cell
nucleus and therefore minimizes the risk of integration. Additionally, SeVs are very efficient
in transferring genes into a wide range of somatic cells (Nakanishi and Otsu, 2012), making
them an attractive method for reprogramming cells. Furthermore, use of non-integrative non-
viral methods such as synthetic mRNA, recombinant protein (Kim et al., 2009) and synthetic
MiRNA has been shown to reprogram human somatic cells (Miyoshi et al., 2011). Recently, a
novel CRISPR-based gene activation (CRISPRa) tool has been adapted as a reprogramming
technique to induce activation of endogenous transcription factors. Use of CRISPRa enables
direct targeting of endogenous loci of the reprogramming factors and has the benefit of high
multiplexing capacity (Weltner et al., 2018).

Overall, the low risk of insertional mutagenesis makes non-integrative methods a more
appealing option for iPSC generation, both in disease modeling and in therapeutic settings.

In addition to reprogramming methods, Huangfu et al. showed that small molecules such as
valproic acid (VPA), a histone deacetylase (HDAC) inhibitor, can enhance reprogramming
efficiency by a 100-fold (Huangfu et al., 2008). Table 1 provides an overview of established
and novel reprogramming methods.

3. Potential applications of iPSCs




Progress in the field of iPSCs has opened up new avenues for research in therapeutics. iPSCs
are currently being used for disease modeling, drug screening and in regenerative medicine/
stem cell-based therapy.

3.1 Disease modeling

Conventional disease modeling using animal models and/or cell lines, has been widely used
to study disease pathology and for therapeutic development (Hasegawa et al., 2018; Kim,
2015).

Transgenic animal models have been created and used in order to recapitulate human diseases
for decades (Barre-Sinoussi and Montagutelli, 2015). However, not all results obtained from
animal models can be directly translated to humans. There are a number of possible
explanations for this lack of overlap. Firstly, differences exist between a given animal species
and humans. For example, while mouse and human have homology of 95% in their genome,
there are differences in the members of gene families, in gene redundancies and in the
regulation of gene expression level (Barre-Sinoussi and Montagutelli, 2015). Secondly, each
species or closely related species can have variation in their physiological responses owing to
their genetic background. For example, laboratory mice are inbred strains with highly
homogeneous genetic composition and hence only provide results in a given genetic
background, limiting their generalizability (Barre-Sinoussi and Montagutelli, 2015).

Cell lines have also been used for decades in research to study human diseases in culture.
Human cell lines are generated from individual patients with specific diseases (Risbridger,
2015). However, cell lines with a high passage number can acquire other genetic mutations in
culture and no longer represent the true tumor genetic background (Wilding and Bodmer,
2014).

IPSC technology provides unprecedented possibilities to model human disease in vitro.
Reprogramming patient cells into a pluripotent state followed by differentiation into disease-
specific cell types can generate an unlimited source of human tissue carrying the genetic
variations that caused or facilitated disease development (Soldner and Jaenisch, 2012).

IPSCs have been generated from a wide range of hematological diseases, both inherited (e.g.
Fanconi anemia, Shwachman-Diamond syndrome, sickle cell anemia, and thalassemia) and
acquired (e.g. myeloproliferative neoplasms and myelodysplastic syndromes) and have been
used recently as disease models in culture (Arai et al., 2015; Kotini et al., 2017).

3.2 Drug screening

Human ESCs are considered to be a valuable in vitro model for drug screening due to their
capacity for indefinite self-renewal and their pluripotent nature (Thomson et al., 1998).
However, ethical issues surrounding the origin of these cells from pre-implantation human
embryos have hindered their use in drug discovery (Robertson, 2001).

The breakthrough development of iPSCs (Takahashi et al., 2007; Takahashi and Yamanaka,
2006) and their similarities to ESCs at the molecular and genetic level, and in terms of their
morphology and functions (Chin et al., 2010; Lowry et al., 2008) have provided a new
platform for developing human disease models in vitro and for drug screening (Chang et al.,
2018; Kotini et al., 2017; Yazawa et al., 2011). Disease-specific iPSCs from acquired or
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inherited diseases have also been used for drug screening (Chang et al., 2018; Kotini et al.,
2017).

Patient-derived iPSCs offer a unique vantage point for in-depth mechanistic understanding
and dissection of specific genetic lesions that give rise to disease phenotypes. Owing to their
pluripotency, they are an inexhaustible and a scalable source of cells that recapitulate the
genetic environment of the cell of origin i.e., cells showing the disease phenotype
(Papapetrou, 2016). Their large scale expansion can be harnessed to study disease
mechanisms and iPSCs can be utilized as cellular material for high throughput drug screens.

The ESC-like characteristics of iPSCs allow them to be differentiated into various cell types
in response to chemical cues. A number of studies have demonstrated that cell types related
to the respective disorder can be derived from disease-specific iPSCs and have been shown to
recapitulate disease phenotypes (Jang et al., 2012). Although some studies have shown
differences between iPSCs and ESCs at the transcriptional and functional levels (Hanna et al.,
2009; Ohi et al., 2011), iPSCs have been proven to be a valuable tool for in vitro drug
discovery (Chang et al., 2018).

One of the first drug screening studies using iPSC was carried out in Rett syndrome
(Marchetto et al., 2010). The research team developed a culture system using iPSC from
patient fibroblasts, generating functional neurons showing similar phenotype (reduced spine
density and smaller soma size) to Rett syndrome in vivo. They subsequently used iPSC-
derived RTT neurons in culture to test the effects of drugs in rescuing synaptic defects
(Marchetto et al., 2010). Nowadays scientists commonly screen disease-specific iPSCs (or
derived cell lineages) with drug panels to discover new drugs and to demonstrate their
efficacy (Avior et al., 2016; Chang et al., 2018; Lam and Wu, 2018; Ooi et al., 2013).

One of the most exciting ideas emerging is the use of iPSC technology in personalized
medicine, where they may allow the use of drugs tailored according to each patient's genetic
background, environment, and lifestyle (Sayed et al., 2016).

3.3 Regenerative medicine/ stem cell based therapy

Lack of donor availability, as well as immune rejections, limit the use of stem cell based
therapy in its current form, raising the demand for new approaches. The potential use of
iIPSCs in regenerative medicine to replace damaged tissues or activate endogenous
regenerative processes is widely considered to be a promising future application to overcome
these problems (Singh et al., 2015).

Transplantation of hematopoietic stem cells (HSCs) has become the standard treatment for a
number of hereditary diseases and blood disorders (Li et al., 2017). In autologous stem cell
transplantation, patient cells are expanded ex vivo and reinjected into the same patient
reducing the risk of immune rejection (Shi et al., 2017), unlike allogeneic stem cell
transplantation, where stem cells from healthy donors are transplanted into patients (Singh et
al., 2015).

When combined with genome editing technologies for the correction of disease-causing
mutations, iPSCs offer a new possibility for therapy. Genetically corrected patient-specific
IPSCs could be expanded, differentiated into disease cell type and re-introduced into patients
(Paes et al., 2017). Hanna et al. were the first to show proof of principle for iIPSC-based

6



regenerative medicine. They reprogrammed fibroblasts derived from a humanized sickle cell
anemia mouse model, corrected the disease-causing mutation by homologous recombination,
differentiated the iPSCs into hematopoietic progenitors and transplanted these back into the
sickle cell anemia mouse model. A stable and significant increase in levels of human  globin
protein A (HbA) and pronounced reduction in human B globin protein S (HbS) were
observed, thus showing a reversal of sickle cell phenotype in treated mice (Hanna et al.,
2007).

Another novel and exciting area for the use of iIPSCs is immunotherapy with cytotoxic T
cells. Limited amount of T cells have been produced in vitro for clinical application
(Migliaccio et al., 2005). Use of iPSC-derived T cells could overcome this limitation since
IPSCs can be expanded indefinitely (Paes et al., 2017). To avoid random genomic
rearrangements of the T cell receptor (TCR) that occur during differentiation (Timmermans et
al., 2009), iPSCs derived from T cells expressing a specific TCR can be used. Vizcardo et al.
were the first to show that T cells which are derived from T cell-derived iPSCs express the
same TCR as the donor T cell (Vizcardo et al., 2013). As TCRs only recognize antigens
presented by a specific human leukocyte antigen (HLA), it is necessary for allogeneic clinical
application that the iPSC-derived T cells match the recipient HLA. To overcome this problem
and to ensure antigen specificity, Themeli et al. introduced a chimeric antigen receptor
(CAR) acting independently from HLA into T cell-derived iPSCs (Themeli et al., 2013).
These studies show that functional T cells can be derived from iPSCs and their use might be
applicable more widely in immunotherapy in the near future (Kawamoto et al., 2018).

4. Clinical Trials of iPSCs

Despite numerous advances in iPSCs technology following its initial discovery in 2006, there
are only a few clinical trials that have taken place. This is due to risks associated with using
IPSCs in the treatment of human diseases (e.g. risk of tumorigenicity, genetic aberrations, and
contamination with viruses and bacteria during the process of iPSC establishment)
(Takashima et al., 2018).

In 2014, Takashima et al. used iPSCs in the first-in-human (FIH) trial in the form of a sheet
of retinal pigment epithelial (RPE) cells that were transplanted into a patient suffering from
neovascular age-related macular degeneration (AMD) (Takashima et al., 2018). One year
after the surgery there were no signs of complications or proliferation and the graft had not
shown any signs of rejection. In the same trial, however, a second patient was treated with
allogenic iPSC-derived HLA-matched cells, as his own iPSC-derived retinal cells showed
three copy number variations (llic et al., 2015; Martin, 2017).

In 2018, Professor Y Sawa (Osaka University) plans to begin treating heart disease patients
by grafting iPSC derived cell sheet onto diseased myocardia. This method will be used for
treating three patients over the next year (Cyranoski, 2018). Also in 2018, Professor J
Takahashi (Kyoto University) announced the launch of a new clinical trial which involves
injecting iIPSC-derived dopaminergic progenitor cells into the substantia nigra of patients
suffering from Parkinson’s disease (Normile, 2018).

5. Genome editing




Over the past decade, a number of genome editing tools have emerged, including zinc finger
nucleases (ZFNs), transcription activator like effector nuclease (TALEN) and clustered
regularly interspaced short palindromic repeats (CRISPR)/Cas9. All three technologies work
by introducing double strand DNA breaks (DSBs) in the genome and the cellular repair
mechanism initiates a repair of the DSBs. Genome editing in iPSCs plays an important role in
disease modeling by the introduction of specific mutations in cells, and in regenerative
medicine for the correction of mutations in patient-derived iPSCs.

5.1 ZFNs

ZFNs consist of a DNA binding domain and a DNA cleavage (nuclease) domain. The DNA
binding domain is made of three to six zinc-fingers which bind specifically to three DNA
base pairs each and these can be designed to bind to the desired target region of the genome.
The nuclease domain is derived from the Fokl restriction enzyme which dimerizes in order to
introduce a DSB (Bitinaite et al., 1998; Pellagatti et al., 2016).

ZFNs have been used in iPSCs for disease modeling and cell-based therapy (Song and
Ramakrishna, 2018). Various hematological disease-associated mutations including
mutations in sickle cell anemia (Zou et al., 2011) have been corrected in iPSCs using ZFNs.
Furthermore, ZFNs are also being used in an ongoing clinical trial to mutate the main co-
receptor for HIV, CCR5, in T-cells to generate HIV resistance (Li et al., 2013; Tebas et al.,
2014; Wang et al., 2015).

5.2 TALENSs

TALENSs works in a similar way to ZFNs. The DNA-binding domain is made of 33-35 amino
acid repeats containing two variable amino acids at position 12 and 13 which render site-
specificity. The DNA-binding domain is fused to a Fokl nuclease domain which dimerizes in
order to introduce a DSB (Pellagatti et al., 2016).

Like ZFNs, TALENSs have been used widely in iPSCs to correct hematological disease-
associated mutations such as mutations causing B-Thalassemia (Ma et al., 2013) and
Hemophilia A (Wu et al., 2016).

5.3 CRISPR/Cas9

CRISPR/Cas9 technology is derived from a microbial adaptive immune system that uses
RNA-guided nucleases to cleave foreign genetic elements with the aid of the Cas9 nuclease.
The system uses a guide RNA to target the Cas9 nuclease to a specific 20nt genomic
sequence loci upstream of a “protospacer adjacent motif” (PAM), which can take the form of
NGG or NAG (Hsu et al., 2014). When it is bound, the Cas9 nuclease introduces a DSB
which is repaired either by imperfect non-homologous end joining (NHEJ) to generate
insertions or deletions (indels) (Barnes, 2001) or by homology directed repair (HDR) when a
repair template is provided (Pellagatti et al., 2016; Ran et al., 2013).

The CRISPR/Cas9 system has been used for gene correction in B-Thalassemia patient iPSCs
(Xie et al., 2014).

6. iPSCs in Hematological Disorders




Hematological disorders primarily affect the bone marrow. Bone marrow aspiration is an
invasive procedure and in some diseases, the bone marrow may be hypoplastic at the time of
diagnosis. Additionally, primary HSCs have a limited expansion potential and are often a
heterogeneous population. These drawbacks severely limit access to primary tissue samples
in quantities sufficient for functional studies. Therefore patient-derived iPSCs are an
important alternative for the study of disease in culture. In particular, as iPSCs have the
potential to differentiate into every cell of the hematopoietic lineage (Table 2), cell types
relevant for a specific disease can be generated to recapitulate in culture a specific-disease
environment to study. Below, we describe the role of iPSCs for the study of inherited and
acquired hematological disorders.

6.1 iPSCs in inherited hematological disorders

There are several inherited hematological disorders, where HSC transplantation remains the
only definitive treatment. However, HSC transplantation as a therapeutic modality is severely
limited by availability of histocompatible donors and the risk associated with allogenic
transplants. If HSCs can be routinely and safely derived from iPSCs in vitro, it is anticipated
that these autologous HSCs could serve as the basis for curative treatment. Our focus here is
aimed at red blood cell disorders and bone marrow failure syndromes where iPSC technology
could serve as a viable therapeutic option, namely Sickle cell disease, B-thalassemia,
Pyruvate kinase deficiency, Fanconi anemia and Shwachman-Diamond syndrome.

6.1.1 Red blood cell disorders
6.1.1.1 Sickle cell disease

Sickle cell disease (SCD) is one of the most common inherited monogenic diseases and
results from a homozygous single base substitution i.e., A>T in the B-globin (HBB) gene,
leading to a glutamic acid (polar amino acid) to a valine (non-polar amino acid) change in
codon 6 of HBB. This shift leads to a defective form of adult hemoglobin (Malowany and
Butany, 2012). The use of gene therapy to correct the disease phenotype has had limited
efficacy and furthermore, hydroxyurea remains the only disease-altering and clinically
approved drug for SCD, to date (Agrawal et al., 2014). Hence, there is room for novel
therapeutic modalities that could alter the natural history of the disease.

A multitude of studies have been successful in deriving iPSCs from patients with SCD (Chou
et al., 2011; Junqueira Reis et al., 2017; Li et al., 2011; Mali et al., 2010; Mali et al., 2008;
Sebastiano et al., 2011; Ye et al., 2009) using a variety of starting cell types, that include skin
fibroblasts (Sebastiano et al., 2011), bone marrow mesenchymal stem cells (Mali et al., 2010)
and peripheral blood mononuclear cells (Chou et al., 2011), and a number of reprogramming
methods, including lentiviral, retroviral, piggyback transposon and helper-dependent
adenovirus/Epstein-Barr virus (HDAJ/EBV) hybrid reprogramming episomal vectors (Chou
etal., 2011; Liet al., 2016; Li etal., 2011; Mali et al., 2010; Sebastiano et al., 2011) .

The NIH-funded NextGen Consortium has created a comprehensive library of 54 iPSC cell
lines from an ethnically diverse (African American, Brazilian, and Saudi Arabian) cohort of
SCD patients, so as to capture novel haplotype-specific polymorphisms that affect disease
severity. The study looked at the Senegal, Benin and Bantu haplotypes, and found that these
correlated with fetal hemoglobin (HbF) levels, whose persistence is relevant to the severity of
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the phenotype. As a proof of principle for gene therapy, they also demonstrated successful
correction of the HBB locus using CRISPR/Cas9 nuclease and single-stranded
oligodeoxynucleotide (ssODN) as donor template. Capacity for directed differentiation of
these cell lines into erythrocytes was tested and all lines demonstrated robust co-expression
of CD71 (transferrin receptor) and CD235 (glycophorin A) (Park et al., 2017). Erythroid-
progenitor-derived iPSCs hold significant potential for development as an autologous
therapeutic modality due to their intrinsic HbF expression and lack of progression to the adult
globin phenotype (Smith et al., 2013).

In addition to CRISPR/Cas9, ZFNs (Zou et al., 2011) and helper-dependent adenoviral
vectors (Li et al., 2011) have been previously used to correct disease mutation in SCD-
derived iPSCs, restoring wild-type HBB expression in vitro.

6.1.1.2 Thalassemia

A diverse collection of mutations associated with the HBB gene can lead to either complete
absence or partial quantitative reduction in synthesis of B-globin, giving rise to anemia (Cao
and Kan, 2013). Homozygous HBB mutations are often clinically characterized by severe
anemia that is managed with periodic blood transfusions and iron chelation therapy (Olivieri
and Brittenham, 1997).

Ou et al. established B-thalassemia patient-specific iPSCs and subsequently, corrected the
HBB gene using CRISPR/Cas9 nuclease system. Following this, they introduced HSCs
derived from the corrected iPSCs into NOD-scid-IL2Rg-/-(NSI) mice and demonstrated
successful engraftment which led to restored HBB expression in vivo. Additionally, the
engrafted cells did not exhibit any tumorigenic potential for as long as 10 weeks of
observation after injection (Ou et al., 2016). Similarly, others have shown restoration of HBB
expression in HSCs derived from gene corrected patient-specific iPSCs (Huang et al., 2015;
Ma et al., 2013; Niu et al., 2016; Song et al., 2015; Wang et al., 2012; Xie et al., 2014).

In addition to gene editing and gene therapy based correction of the HBB gene, modified U7
small nuclear (sn) RNA delivered through a lentivirus has been shown to restore correct
aberrant splicing in patient-derived iPSCs with a splice site mutation (VS2-654) in intron 2 of
the HBB gene. Erythroblasts derived from these transduced iPSCs showed restored levels of
HBB mRNA transcripts and down-regulation of apoptosis related genes i.e., CASP3 and
AIFM1, suggesting normal splicing of the gene mediated by the U7 snRNA and subsequent
decrease in apoptotic processes in the cell.

However, differential expression of globin chains in iPSCs derived erythrocytes, leads to
increased expression of gamma chains, in comparison to adult erythroid cells, where an
increased expression of beta chains is seen (Trakarnsanga et al., 2014). This is the results of
embryonic-fetal-adult globin class switching that occurs in adult erythrocytes. Hence, it has
been suggested that 3-globin gene transfer into iPSCs is necessary, before they could be used
as a source for blood transfusions in -hemoglobinopathies (Tubsuwan et al., 2013).

6.1.1.3 Pyruvate kinase deficiency
Red cell pyruvate kinase deficiency (PKD) occurs due to mutation in the PKLR gene that

codes for pyruvate kinase — an enzyme involved in the glycolytic process and responsible for
production of 50% of the ATP stores in red blood cells (RBCs). RBC life span depends on
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the availability of ATP and hence, a decrease in ATP leads to a shorter lifespan and thereby,
it clinically manifests as anemia (Grace et al., 2015). The only available treatment for PKD is
allogenic bone marrow transplantation. Garate and colleagues established iPSCs from
peripheral blood mononuclear cells of PKD patients using non-integrating Sendai virus
(Garate et al., 2015). Once the iPSC lines were established, TALEN-based knock-in gene-
editing strategy was used to insert a partial codon-optimized (cDNA) PKLR gene.
Erythroblasts derived from gene-edited clones demonstrated restored PKLR expression on
Western blot and liquid chromatography mass spectrometry (LC-MS) studies. In addition,
restoration of normal ATP levels was noted, indicating a reversal in disease phenotype
(Garate et al., 2015).

6.1.2 Bone marrow failure syndromes

Inherited bone marrow failure syndromes (BMFS) are a group of heterogeneous disorders
characterized by peripheral blood cytopenias and hypoplastic bone marrows. These
cytopenias occur as a result of specific mutations or polymorphisms that impair HSC
production (Shimamura and Alter, 2010). Patients with BMFS are predisposed to developing
hematological malignancies. Allogenic transplantation remains the only therapeutic option at
present (Smith and Wagner, 2012). Furthermore, functional studies on primary patient
samples are often limited by the lack of availability of HSCs. Thus, patient-derived iPSC
models can be used to generate HSCs for both studying the pathophysiology of the disease
and as a potential therapeutic option.

6.1.2.1 Fanconi anemia

Fanconi anemia (FA) is an inherited BMFS arising as a result of mutations in the DNA repair
complex, and with at least 17 genes (FANCA to FANCS), encoding proteins that form the FA
core complex, implicated in the disease (Kottemann and Smogorzewska, 2013; Wang and
Smogorzewska, 2015). The FA core complex is involved in interstrand cross-linked DNA
repair and thus patients with FA show hypersensitivity to DNA cross-linking agents. Initial
attempts by Raya et al. (Raya et al., 2009) to reprogram skin fibroblasts from FA patients
using retrovirus were unsuccessful. However, when the authors used lentiviral transgenes of
wild-type FANCA or FANCD?2 for genetic complementation in these fibroblasts, they were
able to reprogram some of the fibroblasts into iPSCs successfully. The difficulty in
reprogramming primary cells from FA patients and the need for gene complementation for
efficient reprogramming suggest that a functional FA DNA repair complex is important
during the reprogramming process. It has been shown that the process of reprogramming is
often associated with cellular stress, thus leading to a possible increase in DNA damage and
activation of cell cycle check point pathways such as TP53 (Hong et al., 2009; Hong et al.,
2013; Marion et al., 2009; Utikal et al., 2009). In addition, reprogramming-associated stress
often leads to an accumulation of reactive oxygen species and activation of FA complex-
associated DNA repair pathway. Drawing on these findings, Muller et al. (Muller et al.,
2012) were able to derive iPSCs from two FA patients in hypoxic conditions, without the
need for prior correction of the underlying lesion. Further evidence to link genotoxic stress to
reprogramming resistance has emerged from the observations of Liu et al. (Liu et al., 2014)
and Suzuki et al. (Suzuki et al., 2015) showing that sShRNA knockdown of TP53 leads to
increased efficiency of reprogramming of FA patient cells.

In addition, Liu et al. have been successful in using FA patient-derived iPSC as a platform for
drug screening (Liu et al., 2014). A panel of small molecules was tested and doramapimod (a
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highly selective p38 MAPK inhibitor) and tremulacin (a natural anti-inflammatory
compound) were shown to significantly improve the differentiation of FA-iPSCs into HSCs.
Thus, FA patient derived iPSCs are an attractive platform to further understand disease
pathology and for drug screening.

6.1.2.2 Shwachman-Diamond syndrome

Shwachman-Diamond syndrome (SDS) is an inherited BMFS, arising as a result of a
mutation in the Shwachman-Bodian-Diamond syndrome (SBDS) gene, which is known to
play a role in ribosome biogenesis (Burwick et al., 2012; Warren, 2018). SDS is characterized
by cytopenias, pancreatic insufficiency and a predisposition to myelodysplastic syndrome
(MDS)/acute myeloid leukemia (AML) (Shimamura, 2006). Given that SDS is a disorder
with other systemic manifestations such as pancreatic insufficiency, iPSCs provide a unique
opportunity to model hematopoietic, as well as extra-hematopoietic manifestations of the
disease, at the same time. Tulpule et al. (Tulpule et al., 2013) derived iPSCs from SDS
patients in this study that successfully recapitulated the disease phenotype. Ribosomal
profiling of SDS iPSCs showed decreased 80S:40S and 60S:40S ratios, which were then
reversed by transgene rescue. On hematopoietic differentiation, the SDS iPSCs showed a
decreased percentage of CD45" cells, thus suggesting impaired differentiation. However, one
of the two SDS iPSC lines did not differentiate into the hematopoietic lineage at all, even
despite transgene rescue. This could possibly be explained by intrinsic heterogeneity of iPSC
clones.

When the SDS iPSC lines were differentiated into pancreatic tissue, they displayed deficits in
amylase positivity as measured by immunofluorescence and lower levels of amylase and
carboxypeptidase gene expression, as measured by RT-PCR, relative to their gene-rescued
counterparts. Both pancreatic cells and myeloid cells normally contain a large number of
cytotoxic granules. Histological staining and electron microscopy of SDS iPSC cultures
confirmed both increased granule size and number per cell compared to transgene-rescued
counterparts. The authors posit that these differences may reflect immaturity of the granules
and that the presence of such granules might correlate with abnormal enzymatic activation
and autodigestion of both pancreatic and myeloid cells, thus explaining the SDS pathology.
To test the functional consequences of these granules, the authors treated the SDS iPSCs with
broad-spectrum protease inhibitors and found increased cell survival of HSCs. Overall, the
study shows that iPSCs derived from SDS patients can successfully capture the phenotype of
SDS and that they could be used to dissect the pathology of the disease (Tulpule et al., 2013).

6.2 iPSCs in acquired hematological disorders

Acquired hematological disorders such as myelodysplastic syndrome (MDS),
myeloproliferative neoplasms (MPNs), paroxysmal nocturnal hemoglobinuria (PNH) and
other forms of leukemia can be studied using iPSC models. However, the majority of disease-
relevant mutations observed in acquired hematological malignancies are restricted to
hematopoietic lineages. Therefore, in order to generate a disease model, iPSCs are commonly
generated from bone marrow or peripheral blood cells.

IPSCs can be employed to investigate the impact of gene mutations, for the discovery of
therapeutic targets and for the development of disease models in acquired hematological
diseases. For the purpose of this review we have focused on the use of iPSCs for the study of
MDS, MPN and PNH.
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6.2.1 MDS

The MDS are myeloid malignancies originating in the HSC. These disorders are
characterized by impaired hematopoiesis and anemia, with an increase in bone marrow blasts
as the disease progresses. Approximately 30-40% of patients progress to AML (Jhanwar,
2015).

Kotini et al. successfully generated iPSCs from the hematopoietic cells of two MDS patients
with del(7q) and isogenic karyotypically normal iPSCs (Kotini et al., 2015). All del(7q)-
IPSCs exhibited reduced hematopoietic differentiation and clonogenic capacity affecting all
myeloid lineages. These phenotypes of ineffective hematopoiesis and reduced clonogenicity
were found to be consistent with the phenotypes observed in cultured primary MDS bone
marrow cells (Kotini et al., 2015; Sato et al., 1998). Heterozygous chr7q loss was engineered
in karyotypically normal iPSCs and a segment of the chr7q, 40Mb (7q 31.1-q36.1) that is
involved in diminished hematopoietic differentiation potential and clonogenic capacity was
pinpointed.

Kotini et al. also evaluated significantly reduced gene expression in isogenic iPSCs harboring
one or two copies of chr 7q and found 64 genes to be reduced by at least 1.5 fold. They were
able to demonstrate that four genes, EZH2, ATP6VOE2, LUC7L2, and, HIPK2 are able to
partially rescue the emergence of CD45" hematopoietic progenitors upon differentiation of
IPSCs when overexpressed in del(7q)-iPSCs (Kotini et al., 2015). Interestingly, EZH2, a gene
recurrently mutated in MDS (Ernst et al., 2010) was further studied by establishing two EZH2
haploinsufficient clones in hESCs using the CRISPR/Cas9 genome engineering system and
the hematopoietic differentiation and colony formation potential of both EZH2
haploinsufficient clones were substantially reduced to levels intermediate between those of
normal and del(7q)-iPSCs, suggesting that a model of haploinsufficiency of more than one
gene might be required to generate the del(7q) hematopoietic phenotype (Kotini et al., 2015).

A more recent study by Kaotini et al. used some of the iPSCs generated in an earlier study
(mentioned above) and some additional iPSCs generated from other MDS patients to produce
a panel of disease-stage-specific iPSCs (Kotini et al., 2017). A total of 4 patient samples were
used to investigate low-risk MDS, high-risk MDS and MDS/secondary AML. The patient-
derived iPSCs demonstrated a range of phenotypes that were stage specific. For example,
while low-risk and high-risk MDS exhibited no in vivo engraftment potential, MDS/AML
hematopoietic progenitor cells (HPCs) showed up to 80% engraftment in multiple mice
(Kotini et al., 2017). Immature hCD45" cells with blast like morphology transplanted from
primary recipient into secondary recipients showed AML-like disease within 21 days of
transplantation (Kotini et al., 2017).

The group further demonstrated phenotypically the progression from pre-leukemic stage to
low-risk MDS stage through CRISPR/Cas9 mediated monoallelic or biallelic GATA2
inactivation and to high-risk MDS stage by loss of a copy of chromosome 7q. This was
shown by the potential of iPSCs to differentiate to HPCs (Kotini et al., 2017). Different
responses of HPCs differentiated from iPSCs to treatment with 5-AzaC and Rigosertib were
also demonstrated. Treatment with 5-AzaC promoted differentiation in low-risk MDS iPSCs
only in colony-forming assays, while in high-risk MDS-iPSC-derived HPCs an inhibitory
effect in cell growth was observed in a competitive growth assay. A KRAS mutated subclone,
in high-risk MDS stage iPSC showed marked sensitivity to Rigosertib (Kotini et al., 2017).
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Chang et al. used patient-derived iPSCs and CRISPR/Cas9 genome editing to dissect the
individual contributions of two recurrent genetic lesions, the splicing factor SRSF2 P95L
mutation and the chromosome 7q deletion, to the development of myeloid malignancy
(Chang et al., 2018). SRSF2 mutant iPSC derived HPCs were shown to be preferentially
sensitive to splicing factor inhibitors (Chang et al., 2018). Furthermore, drugs preferentially
targeting del7q cells were identified through an unbiased large-scale drug screen. Niflumic
acid selectively inhibited the growth of HPCs from two del(7q) iPSC lines derived from
different MDS patients. In addition, treatment of primary cells from patients with MDS and
secondary AML with chr7/7g abnormalities with niflumic acid suppressed the growth of cells
with monosomy 7 or del(7q). Expandable iPSC-derived HPCs (eHPCs) were obtained by
transducing 9 factors with and without an addition of 4 factors. These eHPCs could be
expanded in culture and may be used for drug discovery (Chang et al., 2018).

Overall, the generation of MDS patient iPSCs and introduction of mutation or chromosomal
abnormalities in wild-type iPSCs demonstrates the utility of iPSCs as disease models.

6.2.2 MPN

Myeloproliferative neoplasms (MPNs) are clonal HSC disorders characterized by
proliferation of cells from one or more of the myeloid lineages i.e. granulocytic, erythroid,
and megakaryocytic (Skoda et al., 2015).

In a study by Saliba et al. iPSCs were generated from CD34" cells isolated from the blood of
two MPN patients, one carrying a heterozygous JAK2V617F mutation and the other a
homozygous JAK2V617F mutation with additional ASXL1 mutation and abnormal
chromosome 20 (Saliba et al., 2013). Hematopoietic differentiation of iPSCs with the JAK2
mutation showed a significant increase in the production of the three myeloid lineages. Five
different JAK2 drug inhibitors were evaluated for growth response of erythroid colonies and
they were all found to inhibit erythroid growth. This study suggests that iPSC lines are useful
tools to study the clonal hierarchy, the impact of JAK2V617F burden on cytokine signaling
and drug discovery (Saliba et al., 2013).

Another study by Smith et al. used iPSC lines obtained from patients with the
myeloproliferative neoplasm polycythemia vera (PV) with JAK2 and SERPINAL mutations,
and used the CRISPR/Cas9 system to target disease-associated mutations (Smith et al., 2015).
Using PV patient-derived iPSCs that harbor the acquired JAK2V617F point mutation, Cas9
was shown to target either the wild-type or the mutant allele with high specificity,
demonstrating the feasibility of targeting a single-nucleotide mutation in human iPSCs using
CRISPR/Cas9 technology (Smith et al., 2015).

In a more recent study by Takei et al. iPSCs were generated from an essential
thrombocythemia (ET) patient harboring a CALR-Ins5 mutation. Megakaryopoiesis was
found to be prominent in Ins5-hematopoietic progenitor cells implying that the iPSCs
recapitulated megakaryocytosis caused by CALR mutation, as observed in the bone marrow
of ET patients (Takei et al., 2018).

6.2.3 Paroxysmal nocturnal hemoglobinuria
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Paroxysmal nocturnal hemoglobinuria (PNH) is a rare clonal HSC disorder that manifests
with hemolytic anemia, thrombosis, and peripheral blood cytopenias and is characterized by
an acquired somatic mutation of the phosphatidylinositol glycan class A (PIGA) gene in a
hematopoietic stem/progenitor cell. This mutation results in the complete absence or reduced
expression of proteins anchored to the cell surface membrane through
glycophosphatidylinositol (GPI), including CD55 and CD59 (Elbadry et al., 2017).

Zou et al. have successfully engineered PNH patient-derived iPSCs using plasmids
expressing ZFNs, mediated by homologous recombination (HR), where the mutants of PIG-A
result in a loss of glycosyl-phosphatidyl-inositol-anchored proteins (GPI-APS), such as CD59,
which was rescued by PIGA transgene expression. The generation of these iPSC lines
confirm the power of ZFNs for inducing specific genetic modifications in iPSCs (Zou et al.,
2009).

7. Challenges

The discovery of iPSC technology has not only reanimated the field of regenerative medicine,
but has also profoundly changed our perception of cellular identity. Since the discovery of the
OSKM cocktail, iPSCs have been subjected to intense scrutiny and their therapeutic potential
has been scrupulously discussed. Despite a large shift in our understanding of iPSCs, there
remain a few roadblocks to their full potential of clinical translation. These obstacles mainly
hinge on the following issues: tumorigenicity, immunogenicity, and genomic and epigenetic
stability of iPSCs.

The pluripotent origin of iPSCs coupled with their incomplete differentiation make them
intrinsically prone to teratoma formation (Okita et al., 2007). The overexpression of
oncogenes, such as c-Myc to induce reprogramming, carries further uncertainty in terms of
their tumorigenicity (Lee et al., 2013) . However, advances in differentiation protocols and
development of footprint-free non integrating RNA based Sendai viral reprogramming
methods mitigate the risk of tumor formation (Ban et al., 2011).

IPSCs carry a huge potential for use as cells for autologous transplantation. It is expected that
patient-derived iPSCs will be tolerated by the immune system, thus avoiding the long-term
immunosuppressive treatment associated with allogenic transplantation. Studies however
show that immunogenicity of iPSCs is a function of the status of their differentiation and site
of differentiation. Whereas undifferentiated cells are prone to immune rejection,
transplantation of differentiated cells into mice evokes almost no immune response (Araki et
al., 2013; Zhao et al., 2011). In vitro differentiated cells are also more prone to immune
rejection in comparison to their in vivo chimeric counterparts (Guha et al., 2013; Tang and
Drukker, 2011). These studies suggest that reprogramming, genetic instability, culture
conditions, frequent passages and differentiation status could all alter iPSCs and alter the
immune response to them. There is an additional uncertainty over the immune response to
genetically corrected iPSCs due to the presence of a wild-type gene to which the immune
system has not been previously exposed in inherited disorder (Wood et al., 2016).

The transcriptional and epigenetic state of an iPSC line is influenced by a host of factors.
iIPSCs have been shown to retain a transcriptional and an epigenetic memory of the donor cell
type, with epigenetic variations mainly restricted to DNA methylation (Chin et al., 2009; Doi
et al., 2009; Ghosh et al., 2010). The method of reprogramming is also known to account for
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the differences in transcriptional states as transcriptional variation is known to diminish upon
transgene excision (Soldner et al., 2009).

8. Conclusion

The reprogramming methods used to generate iPSCs have improved significantly since their
discovery. The use of iPSCs in disease modeling, drug screening and regenerative medicine
with a view of stem cell based therapy is currently building momentum. The combination of
human iPSCs with other new technologies such as CRISPR/Cas9 genome engineering also
provides a platform for the study of individual gene mutations observed in patients with
specific disorders.

IPSCs have been derived from various types of blood cells and furthermore, they have been
used to generate lineage specific hematopoietic cells improving our understanding of
reprogramming and differentiation of iPSCs. In recent years, the study of inherited and
acquired hematological disorders has picked up momentum with the use of new technologies
such as iPSCs and CRISPR/Cas9 genome engineering. These technologies will not only
provide a platform for modeling diseases by using patient derived somatic cells but also offer
personalized medicine.

Acknowledgements

We are grateful to Bloodwise (UK), Cancer Research UK and Leuka for support.

Conflicts of interest

None.

References

Agrawal, R.K., Patel, R.K., Shah, V., Nainiwal, L., Trivedi, B., 2014. Hydroxyurea in sickle
cell disease: drug review. Indian J Hematol Blood Transfus 30(2), 91-96.

Amabile, G., Welner, R.S., Nombela-Arrieta, C., D'Alise, A.M., Di Ruscio, A., Ebralidze,
A.K., Kraytsberg, Y., Ye, M., Kocher, O., Neuberg, D.S., Khrapko, K., Silberstein, L.E.,
Tenen, D.G., 2013. In vivo generation of transplantable human hematopoietic cells from
induced pluripotent stem cells. Blood 121(8), 1255-1264.

Aral, S., Miyauchi, M., Kurokawa, M., 2015. Modeling of hematologic malignancies by iPS
technology. Exp Hematol 43(8), 654-660.

Araki, R., Uda, M., Hoki, Y., Sunayama, M., Nakamura, M., Ando, S., Sugiura, M., Ideno,
H., Shimada, A., Nifuji, A., Abe, M., 2013. Negligible immunogenicity of terminally
differentiated cells derived from induced pluripotent or embryonic stem cells. Nature
494(7435), 100-104.

Avior, Y., Sagi, I., Benvenisty, N., 2016. Pluripotent stem cells in disease modelling and drug
discovery. Nat Rev Mol Cell Biol 17(3), 170-182.

Ban, H., Nishishita, N., Fusaki, N., Tabata, T., Saeki, K., Shikamura, M., Takada, N., Inoue,
M., Hasegawa, M., Kawamata, S., Nishikawa, S., 2011. Efficient generation of transgene-

16



free human induced pluripotent stem cells (iPSCs) by temperature-sensitive Sendai virus
vectors. Proc Natl Acad Sci U S A 108(34), 14234-14239.

Barnes, D.E., 2001. Non-homologous end joining as a mechanism of DNA repair. Curr Biol
11(12), R455-457.

Barre-Sinoussi, F., Montagutelli, X., 2015. Animal models are essential to biological
research: issues and perspectives. Future Sci OA 1(4), FSOG63.

Bell, S., Maussion, G., Jefri, M., Peng, H., Theroux, J.F., Silveira, H., Soubannier, V., Wu,
H., Hu, P., Galat, E., Torres-Platas, S.G., Boudreau-Pinsonneault, C., O'Leary, L.A., Galat,
V., Turecki, G., Durcan, T.M., Fon, E.A., Mechawar, N., Ernst, C., 2018. Disruption of
GRIN2B Impairs Differentiation in Human Neurons. Stem Cell Reports 11(1), 183-196.

Bitinaite, J., Wah, D.A., Aggarwal, A.K., Schildkraut, 1., 1998. Fokl dimerization is required
for DNA cleavage. Proc Natl Acad Sci U S A 95(18), 10570-10575.

Brauer, P.M., Pessach, I.M., Clarke, E., Rowe, J.H., Ott de Bruin, L., Lee, Y.N., Dominguez-
Brauer, C., Comeau, A.M., Awong, G., Felgentreff, K., Zhang, Y.H., Bredemeyer, A., Al-
Herz, W., Du, L., Ververs, F., Kennedy, M., Giliani, S., Keller, G., Sleckman, B.P.,
Schatz, D.G., Bushman, F.D., Notarangelo, L.D., Zuniga-Pflucker, J.C., 2016. Modeling
altered T-cell development with induced pluripotent stem cells from patients with RAG1-
dependent immune deficiencies. Blood 128(6), 783-793.

Brault, J., Goutagny, E., Telugu, N., Shao, K., Baquie, M., Satre, V., Coutton, C., Grunwald,
D., Brion, J.P., Barlogis, V., Stephan, J.L., Plantaz, D., Hescheler, J., Krause, K.H., Saric,
T., Stasia, M.J., 2014. Optimized Generation of Functional Neutrophils and Macrophages
from Patient-Specific Induced Pluripotent Stem Cells: Ex Vivo Models of X(0)-Linked,
AR22(0)- and AR47(0)- Chronic Granulomatous Diseases. Biores Open Access 3(6), 311-
326.

Bueno, C., Sardina, J.L., Di Stefano, B., Romero-Moya, D., Munoz-Lopez, A., Ariza, L.,
Chillon, M.C., Balanzategui, A., Castano, J., Herreros, A., Fraga, M.F., Fernandez, A.,
Granada, 1., Quintana-Bustamante, O., Segovia, J.C., Nishimura, K., Ohtaka, M.,
Nakanishi, M., Graf, T., Menendez, P., 2016. Reprogramming human B cells into induced
pluripotent stem cells and its enhancement by C/EBPalpha. Leukemia 30(3), 674-682.

Burwick, N., Coats, S.A., Nakamura, T., Shimamura, A., 2012. Impaired ribosomal subunit
association in Shwachman-Diamond syndrome. Blood 120(26), 5143-5152.

Cao, A., Kan, Y.W., 2013. The prevention of thalassemia. Cold Spring Harb Perspect Med
3(2), a011775.

Chang, C.J., Kotini, A.G., Olszewska, M., Georgomanoli, M., Teruya-Feldstein, J., Sperber,
H., Sanchez, R., DeVita, R., Martins, T.J., Abdel-Wahab, O., Bradley, R.K., Papapetrou,
E.P., 2018. Dissecting the Contributions of Cooperating Gene Mutations to Cancer
Phenotypes and Drug Responses with Patient-Derived iPSCs. Stem Cell Reports 10(5),
1610-1624.

Chhabra, A., 2017. Derivation of Human Induced Pluripotent Stem Cell (iPSC) Lines and
Mechanism of Pluripotency: Historical Perspective and Recent Advances. Stem Cell Rev
13(6), 757-773.

Chin, M.H., Mason, M.J., Xie, W., Volinia, S., Singer, M., Peterson, C., Ambartsumyan, G.,
Aimiuwu, O., Richter, L., Zhang, J., Khvorostov, I., Ott, V., Grunstein, M., Lavon, N.,
Benvenisty, N., Croce, C.M., Clark, A.T., Baxter, T., Pyle, A.D., Teitell, M.A., Pelegrini,
M., Plath, K., Lowry, W.E., 2009. Induced pluripotent stem cells and embryonic stem cells
are distinguished by gene expression signatures. Cell Stem Cell 5(1), 111-123.

Chin, M.H., Pellegrini, M., Plath, K., Lowry, W.E., 2010. Molecular analyses of human
induced pluripotent stem cells and embryonic stem cells. Cell Stem Cell 7(2), 263-269.
Chou, B.K., Mali, P., Huang, X., Ye, Z., Dowey, S.N., Resar, L.M., Zou, C., Zhang, Y.A.,

Tong, J., Cheng, L., 2011. Efficient human iPS cell derivation by a non-integrating

17



plasmid from blood cells with unique epigenetic and gene expression signatures. Cell Res
21(3), 518-529.

Cyranoski, D., 2018. ‘Reprogrammed’ stem cells approved to mend human hearts for the first
time. https://www.nature.com/articles/d41586-018-05278-8. (Accessed 19/09/2018).

Dias, J., Gumenyuk, M., Kang, H., Vodyanik, M., Yu, J., Thomson, J.A., Slukvin, Il, 2011.
Generation of red blood cells from human induced pluripotent stem cells. Stem Cells Dev
20(9), 1639-1647.

Doi, A., Park, I.H., Wen, B., Murakami, P., Aryee, M.J., Irizarry, R., Herb, B., Ladd-Acosta,
C., Rho, J., Loewer, S., Miller, J., Schlaeger, T., Daley, G.Q., Feinberg, A.P., 2009.
Differential methylation of tissue- and cancer-specific CpG island shores distinguishes
human induced pluripotent stem cells, embryonic stem cells and fibroblasts. Nature
genetics 41(12), 1350-1353.

Dorn, 1., Klich, K., Arauzo-Bravo, M.J., Radstaak, M., Santourlidis, S., Ghanjati, F., Radke,
T.F., Psathaki, O.E., Hargus, G., Kramer, J., Einhaus, M., Kim, J.B., Kogler, G., Wernet,
P., Scholer, H.R., Schlenke, P., Zaehres, H., 2015. Erythroid differentiation of human
induced pluripotent stem cells is independent of donor cell type of origin. Haematologica
100(1), 32-41.

Elbadry, M.1., Espinoza, J.L., Nakao, S., 2017. Induced pluripotent stem cell technology: A
window for studying the pathogenesis of acquired aplastic anemia and possible
applications. Exp Hematol 49, 9-18.

Ernst, T., Chase, A.J., Score, J., Hidalgo-Curtis, C.E., Bryant, C., Jones, A.V., Waghorn, K.,
Zoi, K., Ross, F.M., Reiter, A., Hochhaus, A., Drexler, H.G., Duncombe, A., Cervantes,
F., Oscier, D., Boultwood, J., Grand, F.H., Cross, N.C., 2010. Inactivating mutations of
the histone methyltransferase gene EZH2 in myeloid disorders. Nature genetics 42(8),
722-726.

Evans, M.J., Kaufman, M.H., 1981. Establishment in culture of pluripotential cells from
mouse embryos. Nature 292(5819), 154-156.

French, A., Yang, C.T., Taylor, S., Watt, S.M., Carpenter, L., 2015. Human induced
pluripotent stem cell-derived B lymphocytes express sigM and can be generated via a
hemogenic endothelium intermediate. Stem Cells Dev 24(9), 1082-1095.

Gandre-Babbe, S., Paluru, P., Aribeana, C., Chou, S.T., Bresolin, S., Lu, L., Sullivan, S.K.,
Tasian, S.K., Weng, J., Favre, H., Choi, J.K., French, D.L., Loh, M.L., Weiss, M.J., 2013.
Patient-derived induced pluripotent stem cells recapitulate hematopoietic abnormalities of
juvenile myelomonocytic leukemia. Blood 121(24), 4925-4929.

Garate, Z., Quintana-Bustamante, O., Crane, A.M., Olivier, E., Poirot, L., Galetto, R.,
Kosinski, P., Hill, C., Kung, C., Agirre, X., Orman, I., Cerrato, L., Alberquilla, O.,
Rodriguez-Fornes, F., Fusaki, N., Garcia-Sanchez, F., Maia, T.M., Ribeiro, M.L., Sevilla,
J., Prosper, F., Jin, S., Mountford, J., Guenechea, G., Gouble, A., Bueren, J.A., Davis,
B.R., Segovia, J.C., 2015. Generation of a High Number of Healthy Erythroid Cells from
Gene-Edited Pyruvate Kinase Deficiency Patient-Specific Induced Pluripotent Stem Cells.
Stem Cell Reports 5(6), 1053-1066.

Ghosh, Z., Wilson, K.D., Wu, Y., Hu, S., Quertermous, T., Wu, J.C., 2010. Persistent donor
cell gene expression among human induced pluripotent stem cells contributes to
differences with human embryonic stem cells. PLoS One 5(2), e8975.

Gonzalez, F., Boue, S., lIzpisua Belmonte, J.C., 2011. Methods for making induced
pluripotent stem cells: reprogramming a la carte. Nat Rev Genet 12(4), 231-242.

Grace, R.F., Zanella, A., Neufeld, E.J., Morton, D.H., Eber, S., Yaish, H., Glader, B., 2015.
Erythrocyte pyruvate kinase deficiency: 2015 status report. Am J Hematol 90(9), 825-830.

18



Guha, P., Morgan, J.W., Mostoslavsky, G., Rodrigues, N.P., Boyd, A.S., 2013. Lack of
immune response to differentiated cells derived from syngeneic induced pluripotent stem
cells. Cell Stem Cell 12(4), 407-412.

Gurdon, J.B., 1962a. Adult frogs derived from the nuclei of single somatic cells. Dev Biol 4,
256-273.

Gurdon, J.B., 1962b. The developmental capacity of nuclei taken from intestinal epithelium
cells of feeding tadpoles. J Embryol Exp Morphol 10, 622-640.

Gurdon, J.B., Uehlinger, V., 1966. "Fertile™ intestine nuclei. Nature 210(5042), 1240-1241.

Halaidych, O.V., Freund, C., van den Hil, F., Salvatori, D.C.F., Riminucci, M., Mummery,
C.L., Orlova, V.V., 2018. Inflammatory Responses and Barrier Function of Endothelial
Cells Derived from Human Induced Pluripotent Stem Cells. Stem Cell Reports 10(5),
1642-1656.

Hanna, J.,, Saha, K., Pando, B., van Zon, J., Lengner, C.J., Creyghton, M.P., van
Oudenaarden, A., Jaenisch, R., 2009. Direct cell reprogramming is a stochastic process
amenable to acceleration. Nature 462(7273), 595-601.

Hanna, J., Wernig, M., Markoulaki, S., Sun, C.W., Meissner, A., Cassady, J.P., Beard, C.,
Brambrink, T., Wu, L.C., Townes, T.M., Jaenisch, R., 2007. Treatment of sickle cell
anemia mouse model with iPS cells generated from autologous skin. Science 318(5858),
1920-1923.

Hasegawa, H., Sano, K., Ainai, A., Suzuki, T., 2018. Application of HTLV-1 tax transgenic
mice for therapeutic intervention. Advances in biological regulation 68, 10-12.

Hong, H., Takahashi, K., Ichisaka, T., Aoi, T., Kanagawa, O., Nakagawa, M., Okita, K.,
Yamanaka, S., 2009. Suppression of induced pluripotent stem cell generation by the p53-
p21 pathway. Nature 460(7259), 1132-1135.

Hong, S.G., Dunbar, C.E., Winkler, T., 2013. Assessing the risks of genotoxicity in the
therapeutic development of induced pluripotent stem cells. Mol Ther 21(2), 272-281.

Hsu, P.D., Lander, E.S., Zhang, F., 2014. Development and applications of CRISPR-Cas9 for
genome engineering. Cell 157(6), 1262-1278.

Hu, K., Yu, J., Suknuntha, K., Tian, S., Montgomery, K., Choi, K.D., Stewart, R., Thomson,
J.A., Slukvin, 11, 2011. Efficient generation of transgene-free induced pluripotent stem
cells from normal and neoplastic bone marrow and cord blood mononuclear cells. Blood
117(14), e109-1109.

Huang, X., Wang, Y., Yan, W., Smith, C., Ye, Z., Wang, J., Gao, Y., Mendelsohn, L., Cheng,
L., 2015. Production of Gene-Corrected Adult Beta Globin Protein in Human Erythrocytes
Differentiated from Patient iPSCs After Genome Editing of the Sickle Point Mutation.
Stem Cells 33(5), 1470-1479.

Huangfu, D., Maehr, R., Guo, W., Eijkelenboom, A., Snitow, M., Chen, A.E., Melton, D.A,,
2008. Induction of pluripotent stem cells by defined factors is greatly improved by small-
molecule compounds. Nat Biotechnol 26(7), 795-797.

Hussein, S.M., Nagy, A.A., 2012. Progress made in the reprogramming field: new factors,
new strategies and a new outlook. Curr Opin Genet Dev 22(5), 435-443.

llic, D., Devito, L., Miere, C., Codognotto, S., 2015. Human embryonic and induced
pluripotent stem cells in clinical trials. Br Med Bull 116, 19-27.

Ito, Y., Nakamura, S., Sugimoto, N., Shigemori, T., Kato, Y., Ohno, M., Sakuma, S., Ito, K.,
Kumon, H., Hirose, H., Okamoto, H., Nogawa, M., lwasaki, M., Kihara, S., Fujio, K.,
Matsumoto, T., Higashi, N., Hashimoto, K., Sawaguchi, A., Harimoto, K.I., Nakagawa,
M., Yamamoto, T., Handa, M., Watanabe, N., Nishi, E., Arai, F., Nishimura, S., Eto, K,
2018. Turbulence Activates Platelet Biogenesis to Enable Clinical Scale Ex Vivo
Production. Cell 174(3), 636-648 €618.

19



Jang, J,, Yoo, J.E., Lee, J.A., Lee, D.R., Kim, J.Y., Huh, Y.J., Kim, D.S., Park, C.Y., Hwang,
D.Y., Kim, H.S., Kang, H.C., Kim, D.W., 2012. Disease-specific induced pluripotent stem
cells: a platform for human disease modeling and drug discovery. Exp Mol Med 44(3),
202-213.

Jhanwar, S.C., 2015. Genetic and epigenetic pathways in myelodysplastic syndromes: A brief
overview. Advances in biological regulation 58, 28-37.

Junqgueira Reis, L.C., Picanco-Castro, V., Paes, B., Pereira, O.A., Gerdes Gyuricza, 1., de
Araujo, F.T., Morato-Marques, M., Moreira, L.F., Costa, E.B.O., Dos Santos, T.P.M.,
Covas, D.T., Pereira Carramaschi, L.D.V., Russo, E.M.S., 2017. Induced Pluripotent Stem
Cell for the Study and Treatment of Sickle Cell Anemia. Stem Cells Int 2017, 7492914,

Kawamoto, H., Masuda, K., Nagano, S., Maeda, T., 2018. Cloning and expansion of antigen-
specific T cells using iPS cell technology: development of "off-the-shelf" T cells for the
use in allogeneic transfusion settings. Int J Hematol 107(3), 271-277.

Kim, C., 2015. iPSC technology--Powerful hand for disease modeling and therapeutic screen.
BMB Rep 48(5), 256-265.

Kim, D., Kim, C.H., Moon, J.I., Chung, Y.G., Chang, M.Y., Han, B.S., Ko, S., Yang, E.,
Cha, KY., Lanza, R., Kim, K.S., 2009. Generation of human induced pluripotent stem
cells by direct delivery of reprogramming proteins. Cell Stem Cell 4(6), 472-476.

Kim, K., Doi, A., Wen, B., Ng, K., Zhao, R., Cahan, P., Kim, J., Aryee, M.J., Ji, H., Ehrlich,
L.1., Yabuuchi, A., Takeuchi, A., Cunniff, K.C., Hongguang, H., McKinney-Freeman, S.,
Naveiras, O., Yoon, T.J., Irizarry, R.A., Jung, N., Seita, J., Hanna, J., Murakami, P.,
Jaenisch, R., Weissleder, R., Orkin, S.H., Weissman, I.L., Feinberg, A.P., Daley, G.Q.,
2010. Epigenetic memory in induced pluripotent stem cells. Nature 467(7313), 285-290.

Kotini, A.G., Chang, C.J., Boussaad, I., Delrow, J.J., Dolezal, E.K., Nagulapally, A.B., Perna,
F., Fishbein, G.A., Klimek, V.M., Hawkins, R.D., Huangfu, D., Murry, C.E., Graubert, T.,
Nimer, S.D., Papapetrou, E.P., 2015. Functional analysis of a chromosomal deletion
associated with myelodysplastic syndromes using isogenic human induced pluripotent
stem cells. Nat Biotechnol 33(6), 646-655.

Kaotini, A.G., Chang, C.J., Chow, A,, Yuan, H., Ho, T.C., Wang, T., Vora, S., Solovyov, A.,
Husser, C., Olszewska, M., Teruya-Feldstein, J., Perumal, D., Klimek, V.M., Spyridonidis,
A., Rampal, R.K., Silverman, L., Reddy, E.P., Papaemmanuil, E., Parekh, S., Greenbaum,
B.D., Leslie, C.S., Kharas, M.G., Papapetrou, E.P., 2017. Stage-Specific Human Induced
Pluripotent Stem Cells Map the Progression of Myeloid Transformation to Transplantable
Leukemia. Cell Stem Cell 20(3), 315-328 e317.

Kottemann, M.C., Smogorzewska, A., 2013. Fanconi anaemia and the repair of Watson and
Crick DNA crosslinks. Nature 493(7432), 356-363.

Lachmann, N., Ackermann, M., Frenzel, E., Liebhaber, S., Brennig, S., Happle, C.,
Hoffmann, D., Klimenkova, O., Luttge, D., Buchegger, T., Kuhnel, M.P., Schambach, A.,
Janciauskiene, S., Figueiredo, C., Hansen, G., Skokowa, J., Moritz, T., 2015. Large-scale
hematopoietic differentiation of human induced pluripotent stem cells provides
granulocytes or macrophages for cell replacement therapies. Stem Cell Reports 4(2), 282-
296.

Lam, C.K., Wu, J.C., 2018. Disease modelling and drug discovery for hypertrophic
cardiomyopathy using pluripotent stem cells: how far have we come? Eur Heart J.

Lee, A.S,, Tang, C., Rao, M.S., Weissman, I.L., Wu, J.C., 2013. Tumorigenicity as a clinical
hurdle for pluripotent stem cell therapies. Nat Med 19(8), 998-1004.

Li, C.,, Ding, L., Sun, C.W., Wu, L.C., Zhou, D., Pawlik, K.M., Khodadadi-Jamayran, A.,
Westin, E., Goldman, F.D., Townes, T.M., 2016. Novel HDAJ/EBV Reprogramming
Vector and Highly Efficient Ad/CRISPR-Cas Sickle Cell Disease Gene Correction. Sci
Rep 6, 30422.

20



Li, L., Krymskaya, L., Wang, J., Henley, J., Rao, A., Cao, L.F., Tran, C.A., Torres-Coronado,
M., Gardner, A., Gonzalez, N., Kim, K., Liu, P.Q., Hofer, U., Lopez, E., Gregory, P.D.,
Liu, Q., Holmes, M.C., Cannon, P.M., Zaia, J.A., DiGiusto, D.L., 2013. Genomic editing
of the HIV-1 coreceptor CCR5 in adult hematopoietic stem and progenitor cells using zinc
finger nucleases. Mol Ther 21(6), 1259-1269.

Li, M., Cascino, P., Ummarino, S., Di Ruscio, A., 2017. Application of Induced Pluripotent
Stem Cell Technology to the Study of Hematological Diseases. Cells 6(1).

Li, M., Suzuki, K., Qu, J., Saini, P., Dubova, I., Yi, F., Lee, J., Sancho-Martinez, 1., Liu,
G.H., Izpisua Belmonte, J.C., 2011. Efficient correction of hemoglobinopathy-causing
mutations by homologous recombination in integration-free patient iPSCs. Cell Res
21(12), 1740-1744.

Liu, G.H., Suzuki, K., Li, M., Qu, J., Montserrat, N., Tarantino, C., Gu, Y., Yi, F., Xu, X.,
Zhang, W., Ruiz, S., Plongthongkum, N., Zhang, K., Masuda, S., Nivet, E., Tsunekawa,
Y., Soligalla, R.D., Goebl, A., Aizawa, E., Kim, N.Y., Kim, J., Dubova, I., Li, Y., Ren, R.,
Benner, C., Del Sol, A., Bueren, J., Trujillo, J.P., Surralles, J., Cappelli, E., Dufour, C.,
Esteban, C.R., Belmonte, J.C.I., 2014. Modelling Fanconi anemia pathogenesis and
therapeutics using integration-free patient-derived iPSCs. Nat Commun 5, 4330.

Lowry, W.E., Richter, L., Yachechko, R., Pyle, A.D., Tchieu, J., Sridharan, R., Clark, A.T.,
Plath, K., 2008. Generation of human induced pluripotent stem cells from dermal
fibroblasts. Proc Natl Acad Sci U S A 105(8), 2883-2888.

Ma, N., Liao, B., Zhang, H., Wang, L., Shan, Y., Xue, Y., Huang, K., Chen, S., Zhou, X.,
Chen, Y., Pei, D., Pan, G., 2013. Transcription activator-like effector nuclease (TALEN)-
mediated gene correction in integration-free beta-thalassemia induced pluripotent stem
cells. J Biol Chem 288(48), 34671-34679.

Mali, P., Chou, B.K., Yen, J., Ye, Z., Zou, J., Dowey, S., Brodsky, R.A., Ohm, J.E., Yu, W.,
Baylin, S.B., Yusa, K., Bradley, A., Meyers, D.J., Mukherjee, C., Cole, P.A., Cheng, L.,
2010. Butyrate greatly enhances derivation of human induced pluripotent stem cells by
promoting epigenetic remodeling and the expression of pluripotency-associated genes.
Stem Cells 28(4), 713-720.

Mali, P., Ye, Z., Hommond, H.H., Yu, X., Lin, J., Chen, G., Zou, J., Cheng, L., 2008.
Improved efficiency and pace of generating induced pluripotent stem cells from human
adult and fetal fibroblasts. Stem Cells 26(8), 1998-2005.

Malik, N., Rao, M.S., 2013. A review of the methods for human iPSC derivation. Methods
Mol Biol 997, 23-33.

Malowany, J.1., Butany, J., 2012. Pathology of sickle cell disease. Semin Diagn Pathol 29(1),
49-55.

Marchetto, M.C., Carromeu, C., Acab, A., Yu, D., Yeo, G.W., Mu, Y., Chen, G., Gage, F.H.,
Muotri, A.R., 2010. A model for neural development and treatment of Rett syndrome
using human induced pluripotent stem cells. Cell 143(4), 527-539.

Marion, R.M., Strati, K., Li, H., Murga, M., Blanco, R., Ortega, S., Fernandez-Capetillo, O.,
Serrano, M., Blasco, M.A., 2009. A p53-mediated DNA damage response limits
reprogramming to ensure iPS cell genomic integrity. Nature 460(7259), 1149-1153.

Martin, U., 2017. Therapeutic Application of Pluripotent Stem Cells: Challenges and Risks.
Front Med (Lausanne) 4, 229.

Migliaccio, M., Raj, K., Menzel, O., Rufer, N., 2005. Mechanisms that limit the in vitro
proliferative potential of human CD8+ T lymphocytes. J Immunol 174(6), 3335-3343.

Miyoshi, N., Ishii, H., Nagano, H., Haraguchi, N., Dewi, D.L., Kano, Y., Nishikawa, S.,
Tanemura, M., Mimori, K., Tanaka, F., Saito, T., Nishimura, J., Takemasa, 1., Mizushima,
T., Ikeda, M., Yamamoto, H., Sekimoto, M., Doki, Y., Mori, M., 2011. Reprogramming of

21



mouse and human cells to pluripotency using mature microRNAs. Cell Stem Cell 8(6),
633-638.

Moreau, T., Evans, A.L., Vasquez, L., Tijssen, M.R., Yan, Y., Trotter, M.W., Howard, D.,
Colzani, M., Arumugam, M., Wu, W.H., Dalby, A., Lampela, R., Bouet, G., Hobbs, C.M.,
Pask, D.C., Payne, H., Ponomaryov, T., Brill, A., Soranzo, N., Ouwehand, W.H.,
Pedersen, R.A., Ghevaert, C., 2017. Corrigendum: Large-scale production of
megakaryocytes from human pluripotent stem cells by chemically defined forward
programming. Nat Commun 8, 15076.

Muller, L.U., Milsom, M.D., Harris, C.E., Vyas, R., Brumme, K.M., Parmar, K., Moreau,
L.A., Schambach, A., Park, I.H., London, W.B., Strait, K., Schlaeger, T., Devine, A.L.,
Grassman, E., D'Andrea, A., Daley, G.Q., Williams, D.A., 2012. Overcoming
reprogramming resistance of Fanconi anemia cells. Blood 119(23), 5449-5457.

Nakanishi, M., Otsu, M., 2012. Development of Sendai virus vectors and their potential
applications in gene therapy and regenerative medicine. Curr Gene Ther 12(5), 410-416.
Niu, X., He, W., Song, B., Ou, Z., Fan, D., Chen, Y., Fan, Y., Sun, X., 2016. Combining
Single Strand Oligodeoxynucleotides and CRISPR/Cas9 to Correct Gene Mutations in

beta-Thalassemia-induced Pluripotent Stem Cells. J Biol Chem 291(32), 16576-16585.

Normile, D., 2018. First-of-its-kind clinical trial will use reprogrammed adult stem cells to
treat Parkinson’s. http://www.sciencemag.org/news/2018/07/first-its-kind-clinical-trial-
will-use-reprogrammed-adult-stem-cells-treat-parkinson-s. (Accessed 19/09/2018).

Ohi, Y., Qin, H., Hong, C., Blouin, L., Polo, J.M., Guo, T., Qi, Z., Downey, S.L., Manos,
P.D., Rossi, D.J., Yu, J., Hebrok, M., Hochedlinger, K., Costello, J.F., Song, J.S.,
Ramalho-Santos, M., 2011. Incomplete DNA methylation underlies a transcriptional
memory of somatic cells in human iPS cells. Nat Cell Biol 13(5), 541-549.

Okita, K., Ichisaka, T., Yamanaka, S., 2007. Generation of germline-competent induced
pluripotent stem cells. Nature 448(7151), 313-317.

Okita, K., Nakagawa, M., Hyenjong, H., Ichisaka, T., Yamanaka, S., 2008. Generation of
mouse induced pluripotent stem cells without viral vectors. Science 322(5903), 949-953.
Olivieri, N.F., Brittenham, G.M., 1997. Iron-chelating therapy and the treatment of

thalassemia. Blood 89(3), 739-761.

Ooi, L., Sidhu, K., Poljak, A., Sutherland, G., O'Connor, M.D., Sachdev, P., Munch, G.,
2013. Induced pluripotent stem cells as tools for disease modelling and drug discovery in
Alzheimer's disease. J Neural Transm (Vienna) 120(1), 103-111.

Ou, Z., Niu, X., He, W., Chen, Y., Song, B., Xian, Y., Fan, D., Tang, D., Sun, X., 2016. The
Combination of CRISPR/Cas9 and iPSC Technologies in the Gene Therapy of Human
beta-thalassemia in Mice. Sci Rep 6, 32463.

Paes, B., Moco, P.D., Pereira, C.G., Porto, G.S., de Sousa Russo, E.M., Reis, L.C.J., Covas,
D.T., Picanco-Castro, V., 2017. Ten years of iPSC: clinical potential and advances in vitro
hematopoietic differentiation. Cell Biol Toxicol 33(3), 233-250.

Papapetrou, E.P., 2016. Patient-derived induced pluripotent stem cells in cancer research and
precision oncology. Nat Med 22(12), 1392-1401.

Park, S., Gianotti-Sommer, A., Molina-Estevez, F.J., Vanuytsel, K., Skvir, N., Leung, A.,
Rozelle, S.S., Shaikho, E.M., Weir, I, Jiang, Z., Luo, H.Y., Chui, D.H.K., Figueiredo,
M.S., Alsultan, A., Al-Ali, A., Sebastiani, P., Steinberg, M.H., Mostoslavsky, G., Murphy,
G.J., 2017. A Comprehensive, Ethnically Diverse Library of Sickle Cell Disease-Specific
Induced Pluripotent Stem Cells. Stem Cell Reports 8(4), 1076-1085.

Pellagatti, A., Dolatshad, H., Yip, B.H., Valletta, S., Boultwood, J., 2016. Application of
genome editing technologies to the study and treatment of hematological disease.
Advances in biological regulation 60, 122-134.

22



Ran, F.A., Hsu, P.D., Wright, J., Agarwala, V., Scott, D.A., Zhang, F., 2013. Genome
engineering using the CRISPR-Cas9 system. Nat Protoc 8(11), 2281-2308.

Raya, A., Rodriguez-Piza, |., Guenechea, G., Vassena, R., Navarro, S., Barrero, M.J.,
Consiglio, A., Castella, M., Rio, P., Sleep, E., Gonzalez, F., Tiscornia, G., Garreta, E.,
Aasen, T., Veiga, A., Verma, .M., Surralles, J., Bueren, J., Izpisua Belmonte, J.C., 2009.
Disease-corrected haematopoietic progenitors from Fanconi anaemia induced pluripotent
stem cells. Nature 460(7251), 53-59.

Risbridger, G.P., 2015. Human cell lines as tools of our trade: "laying it on the (cell) line".
Mol Endocrinol 29(1), 1-2.

Robertson, J.A., 2001. Human embryonic stem cell research: ethical and legal issues. Nat
Rev Genet 2(1), 74-78.

Sachamitr, P., Leishman, A.J., Davies, T.J., Fairchild, P.J., 2018. Directed Differentiation of
Human Induced Pluripotent Stem Cells into Dendritic Cells Displaying Tolerogenic
Properties and Resembling the CD141(+) Subset. Front Immunol 8.

Saliba, J., Hamidi, S., Lenglet, G., Langlois, T., Yin, J., Cabagnols, X., Secardin, L., Legrand,
C., Galy, A., Opolon, P., Benyahia, B., Solary, E., Bernard, O.A., Chen, L., Debili, N.,
Raslova, H., Norol, F., Vainchenker, W., Plo, I., Di Stefano, A., 2013. Heterozygous and
homozygous JAK2(V617F) states modeled by induced pluripotent stem cells from
myeloproliferative neoplasm patients. PLoS One 8(9), e74257.

Sato, T., Kim, S., Selleri, C., Young, N.S., Maciejewski, J.P., 1998. Measurement of
secondary colony formation after 5 weeks in long-term cultures in patients with
myelodysplastic syndrome. Leukemia 12(8), 1187-1194.

Sayed, N., Liu, C., Wu, J.C., 2016. Translation of Human-Induced Pluripotent Stem Cells:
From Clinical Trial in a Dish to Precision Medicine. J Am Coll Cardiol 67(18), 2161-
2176.

Schlaeger, T.M., Daheron, L., Brickler, T.R., Entwisle, S., Chan, K., Cianci, A., DeVine, A.,
Ettenger, A., Fitzgerald, K., Godfrey, M., Gupta, D., McPherson, J., Malwadkar, P.,
Gupta, M., Bell, B., Doi, A., Jung, N., Li, X., Lynes, M.S., Brookes, E., Cherry, A.B.,
Demirbas, D., Tsankov, A.M., Zon, L.l., Rubin, L.L., Feinberg, A.P., Meissner, A,
Cowan, C.A., Daley, G.Q., 2015. A comparison of non-integrating reprogramming
methods. Nat Biotechnol 33(1), 58-63.

Sebastiano, V., Maeder, M.L., Angstman, J.F., Haddad, B., Khayter, C., Yeo, D.T., Goodwin,
M.J., Hawkins, J.S., Ramirez, C.L., Batista, L.F., Artandi, S.E., Wernig, M., Joung, J.K.,
2011. In situ genetic correction of the sickle cell anemia mutation in human induced
pluripotent stem cells using engineered zinc finger nucleases. Stem Cells 29(11), 1717-
1726.

Seki, T., Yuasa, S., Fukuda, K., 2012. Generation of induced pluripotent stem cells from a
small amount of human peripheral blood using a combination of activated T cells and
Sendai virus. Nat Protoc 7(4), 718-728.

Senju, S., Haruta, M., Matsumura, K., Matsunaga, Y., Fukushima, S., Ikeda, T., Takamatsu,
K., Irie, A., Nishimura, Y., 2011. Generation of dendritic cells and macrophages from
human induced pluripotent stem cells aiming at cell therapy. Gene Ther 18(9), 874-883.

Shi, Y., Inoue, H., Wu, J.C., Yamanaka, S., 2017. Induced pluripotent stem cell technology: a
decade of progress. Nat Rev Drug Discov 16(2), 115-130.

Shimamura, A., 2006. Shwachman-Diamond syndrome. Semin Hematol 43(3), 178-188.

Shimamura, A., Alter, B.P., 2010. Pathophysiology and management of inherited bone
marrow failure syndromes (vol 24, pg 101, 2010). Blood Reviews 24(4-5), 201-201.

Singh, V.K., Kalsan, M., Kumar, N., Saini, A., Chandra, R., 2015. Induced pluripotent stem
cells: applications in regenerative medicine, disease modeling, and drug discovery. Front
Cell Dev Biol 3, 2.

23



Skoda, R.C., Duek, A., Grisouard, J., 2015. Pathogenesis of myeloproliferative neoplasms.
Exp Hematol 43(8), 599-608.

Smith, A.R., Wagner, J.E., 2012. Current clinical management of Fanconi anemia. Expert
Rev Hematol 5(5), 513-522.

Smith, B.W., Rozelle, S.S., Leung, A., Ubellacker, J., Parks, A., Nah, S.K., French, D.,
Gadue, P., Monti, S., Chui, D.H., Steinberg, M.H., Frelinger, A.L., Michelson, A.D.,
Theberge, R., McComb, M.E., Costello, C.E., Kotton, D.N., Mostoslavsky, G., Sherr,
D.H., Murphy, G.J., 2013. The aryl hydrocarbon receptor directs hematopoietic progenitor
cell expansion and differentiation. Blood 122(3), 376-385.

Smith, C., Abalde-Atristain, L., He, C., Brodsky, B.R., Braunstein, E.M., Chaudhari, P., Jang,
Y.Y., Cheng, L., Ye, Z., 2015. Efficient and allele-specific genome editing of disease loci
in human iPSCs. Mol Ther 23(3), 570-577.

Soldner, F., Hockemeyer, D., Beard, C., Gao, Q., Bell, G.W., Cook, E.G., Hargus, G., Blak,
A., Cooper, O., Mitalipova, M., Isacson, O., Jaenisch, R., 2009. Parkinson's disease
patient-derived induced pluripotent stem cells free of viral reprogramming factors. Cell
136(5), 964-977.

Soldner, F., Jaenisch, R., 2012. Medicine. iPSC disease modeling. Science 338(6111), 1155-
1156.

Song, B., Fan, Y., He, W., Zhu, D., Niu, X., Wang, D., Ou, Z., Luo, M., Sun, X., 2015.
Improved hematopoietic differentiation efficiency of gene-corrected beta-thalassemia
induced pluripotent stem cells by CRISPR/Cas9 system. Stem Cells Dev 24(9), 1053-
1065.

Song, M., Ramakrishna, S., 2018. Genome Editing in Stem Cells for Disease Therapeutics.
Mol Biotechnol 60(4), 329-338.

Stadtfeld, M., Nagaya, M., Utikal, J., Weir, G., Hochedlinger, K., 2008. Induced pluripotent
stem cells generated without viral integration. Science 322(5903), 945-949.

Sturgeon, C.M., Ditadi, A., Awong, G., Kennedy, M., Keller, G., 2014. Wnt signaling
controls the specification of definitive and primitive hematopoiesis from human
pluripotent stem cells. Nat Biotechnol 32(6), 554-561.

Sugimura, R., Jha, D.K., Han, A., Soria-Valles, C., da Rocha, E.L., Lu, Y.F., Goettel, J.A.,
Serrao, E., Rowe, R.G., Malleshaiah, M., Wong, I., Sousa, P., Zhu, T.N., Ditadi, A.,
Keller, G., Engelman, A.N., Snapper, S.B., Doulatov, S., Daley, G.Q., 2017.
Haematopoietic stem and progenitor cells from human pluripotent stem cells. Nature
545(7655), 432-438.

Suzuki, N.M., Niwa, A., Yabe, M., Hira, A., Okada, C., Amano, N., Watanabe, A.,
Watanabe, K., Heike, T., Takata, M., Nakahata, T., Saito, M.K., 2015. Pluripotent cell
models of fanconi anemia identify the early pathological defect in human hemoangiogenic
progenitors. Stem Cells Transl Med 4(4), 333-338.

Tada, M., Takahama, Y., Abe, K., Nakatsuji, N., Tada, T., 2001. Nuclear reprogramming of
somatic cells by in vitro hybridization with ES cells. Curr Biol 11(19), 1553-1558.

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., Yamanaka, S.,
2007. Induction of pluripotent stem cells from adult human fibroblasts by defined factors.
Cell 131(5), 861-872.

Takahashi, K., Yamanaka, S., 2006. Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell 126(4), 663-676.

Takashima, K., Inoue, Y., Tashiro, S., Muto, K., 2018. Lessons for reviewing clinical trials
using induced pluripotent stem cells: examining the case of a first-in-human trial for age-
related macular degeneration. Regen Med 13(2), 123-128.

Takei, H., Edahiro, Y., Mano, S., Masubuchi, N., Mizukami, Y., Imai, M., Morishita, S.,
Misawa, K., Ochiai, T., Tsuneda, S., Endo, H., Nakamura, S., Eto, K., Ohsaka, A., Araki,

24



M., Komatsu, N., 2018. Skewed megakaryopoiesis in human induced pluripotent stem
cell-derived haematopoietic progenitor cells harbouring calreticulin mutations. Br J
Haematol 181(6), 791-802.

Tang, C., Drukker, M., 2011. Potential barriers to therapeutics utilizing pluripotent cell
derivatives: intrinsic immunogenicity of in vitro maintained and matured populations.
Semin Immunopathol 33(6), 563-572.

Tebas, P., Stein, D., Tang, W.W., Frank, I., Wang, S.Q., Lee, G., Spratt, S.K., Surosky, R.T.,
Giedlin, M.A., Nichol, G., Holmes, M.C., Gregory, P.D., Ando, D.G., Kalos, M., Collman,
R.G., Binder-Scholl, G., Plesa, G., Hwang, W.T., Levine, B.L., June, C.H., 2014. Gene
editing of CCR5 in autologous CD4 T cells of persons infected with HIV. N Engl J Med
370(10), 901-910.

Themeli, M., Kloss, C.C., Ciriello, G., Fedorov, V.D., Perna, F., Gonen, M., Sadelain, M.,
2013. Generation of tumor-targeted human T lymphocytes from induced pluripotent stem
cells for cancer therapy. Nat Biotechnol 31(10), 928-933.

Thomson, J.A., Itskovitz-Eldor, J., Shapiro, S.S., Waknitz, M.A., Swiergiel, J.J., Marshall,
V.S., Jones, J.M., 1998. Embryonic stem cell lines derived from human blastocysts.
Science 282(5391), 1145-1147.

Timmermans, F., Velghe, 1., Vanwalleghem, L., De Smedt, M., Van Coppernolle, S., Taghon,
T., Moore, H.D., Leclercq, G., Langerak, A.W., Kerre, T., Plum, J., Vandekerckhove, B.,
2009. Generation of T cells from human embryonic stem cell-derived hematopoietic
zones. J Immunol 182(11), 6879-6888.

Trakarnsanga, K., Wilson, M.C., Griffiths, R.E., Toye, A.M., Carpenter, L., Heesom, K.J.,
Parsons, S.F., Anstee, D.J., Frayne, J., 2014. Qualitative and quantitative comparison of
the proteome of erythroid cells differentiated from human iPSCs and adult erythroid cells
by multiplex TMT labelling and nanoLC-MS/MS. PLoS One 9(7), e100874.

Tubsuwan, A., Abed, S., Deichmann, A., Kardel, M.D., Bartholoma, C., Cheung, A., Negre,
O., Kadri, Z., Fucharoen, S., von Kalle, C., Payen, E., Chretien, S., Schmidt, M., Eaves,
C.J., Leboulch, P., Maouche-Chretien, L., 2013. Parallel assessment of globin lentiviral
transfer in induced pluripotent stem cells and adult hematopoietic stem cells derived from
the same transplanted beta-thalassemia patient. Stem Cells 31(9), 1785-1794.

Tulpule, A., Kelley, J.M., Lensch, M.W., McPherson, J., Park, I.H., Hartung, O., Nakamura,
T., Schlaeger, T.M., Shimamura, A., Daley, G.Q., 2013. Pluripotent stem cell models of
Shwachman-Diamond syndrome reveal a common mechanism for pancreatic and
hematopoietic dysfunction. Cell Stem Cell 12(6), 727-736.

Utikal, J., Polo, J.M., Stadtfeld, M., Maherali, N., Kulalert, W., Walsh, R.M., Khalil, A.,
Rheinwald, J.G., Hochedlinger, K., 2009. Immortalization eliminates a roadblock during
cellular reprogramming into iPS cells. Nature 460(7259), 1145-1148.

van Wilgenburg, B., Browne, C., Vowles, J., Cowley, S.A., 2013. Efficient, long term
production of monocyte-derived macrophages from human pluripotent stem cells under
partly-defined and fully-defined conditions. PLoS One 8(8), e71098.

Vizcardo, R., Masuda, K., Yamada, D., lkawa, T., Shimizu, K., Fujii, S., Koseki, H.,
Kawamoto, H., 2013. Regeneration of human tumor antigen-specific T cells from iPSCs
derived from mature CD8(+) T cells. Cell Stem Cell 12(1), 31-36.

Wang, A.T., Smogorzewska, A., 2015. SnapShot: Fanconi anemia and associated proteins.
Cell 160(1-2), 354-354 e351.

Wang, J., Exline, C.M., DeClercq, J.J., Llewellyn, G.N., Hayward, S.B., Li, P.W., Shivak,
D.A., Surosky, R.T., Gregory, P.D., Holmes, M.C., Cannon, P.M., 2015. Homology-
driven genome editing in hematopoietic stem and progenitor cells using ZFN mRNA and
AAV6 donors. Nat Biotechnol 33(12), 1256-1263.

25



Wang, Y., Zheng, C.G., Jiang, Y., Zhang, J., Chen, J., Yao, C., Zhao, Q., Liu, S., Chen, K.,
Du, J., Yang, Z., Gao, S., 2012. Genetic correction of beta-thalassemia patient-specific iPS
cells and its use in improving hemoglobin production in irradiated SCID mice. Cell Res
22(4), 637-648.

Warren, A.J., 2018. Molecular basis of the human ribosomopathy Shwachman-Diamond
syndrome. Advances in biological regulation 67, 109-127.

Warren, L., Manos, P.D., Ahfeldt, T., Loh, Y.H., Li, H., Lau, F., Ebina, W., Mandal, P.K,,
Smith, Z.D., Meissner, A., Daley, G.Q., Brack, A.S., Collins, J.J., Cowan, C., Schlaeger,
T.M., Rossi, D.J., 2010. Highly efficient reprogramming to pluripotency and directed
differentiation of human cells with synthetic modified mRNA. Cell Stem Cell 7(5), 618-
630.

Weltner, J., Balboa, D., Katayama, S., Bespalov, M., Krjutskov, K., Jouhilahti, E.M.,
Trokovic, R., Kere, J., Otonkoski, T., 2018. Human pluripotent reprogramming with
CRISPR activators. Nat Commun 9(1), 2643.

Wilding, J.L., Bodmer, W.F., 2014. Cancer cell lines for drug discovery and development.
Cancer Res 74(9), 2377-2384.

Wood, K.J., Issa, F., Hester, J., 2016. Understanding Stem Cell Immunogenicity in
Therapeutic Applications. Trends Immunol 37(1), 5-16.

Woods, N.B., Parker, A.S., Moraghebi, R., Lutz, M.K., Firth, A.L., Brennand, K.J., Berggren,
W.T., Raya, A., Belmonte, J.C.I., Gage, F.H., Verma, .M., 2014. Brief report: efficient
generation of hematopoietic precursors and progenitors from human pluripotent stem cell
lines (vol 29, pg 1158, 2011). Stem Cells 32(9).

Wu, Y., Hu, Z., Li, Z., Pang, J., Feng, M., Hu, X., Wang, X, Lin-Peng, S., Liu, B., Chen, F.,
Wu, L., Liang, D., 2016. In situ genetic correction of F8 intron 22 inversion in hemophilia
A patient-specific iPSCs. Sci Rep 6, 18865.

Xie, F., Ye, L., Chang, J.C., Beyer, A.l., Wang, J., Muench, M.O., Kan, Y.W., 2014.
Seamless gene correction of beta-thalassemia mutations in patient-specific iPSCs using
CRISPR/Cas9 and piggyBac. Genome Res 24(9), 1526-1533.

Yanagimachi, M.D., Niwa, A., Tanaka, T., Honda-Ozaki, F., Nishimoto, S., Murata, Y.,
Yasumi, T., Ito, J., Tomida, S., Oshima, K., Asaka, I., Goto, H., Heike, T., Nakahata, T.,
Saito, M.K., 2013. Robust and highly-efficient differentiation of functional monocytic
cells from human pluripotent stem cells under serum- and feeder cell-free conditions.
PLoS One 8(4), €59243.

Yazawa, M., Hsueh, B., Jia, X., Pasca, A.M., Bernstein, J.A., Hallmayer, J., Dolmetsch, R.E.,
2011. Using induced pluripotent stem cells to investigate cardiac phenotypes in Timothy
syndrome. Nature 471(7337), 230-234.

Ye, L., Chang, J.C., Lin, C., Sun, X,, Yu, J., Kan, Y.W., 2009. Induced pluripotent stem cells
offer new approach to therapy in thalassemia and sickle cell anemia and option in prenatal
diagnosis in genetic diseases. Proc Natl Acad Sci U S A 106(24), 9826-9830.

Yu, J., Vodyanik, M.A., Smuga-Otto, K., Antosiewicz-Bourget, J., Frane, J.L., Tian, S., Nie,
J., Jonsdottir, G.A., Ruotti, V., Stewart, R., Slukvin, I, Thomson, J.A., 2007. Induced
pluripotent stem cell lines derived from human somatic cells. Science 318(5858), 1917-
1920.

Zeng, J., Tang, S.Y., Toh, L.L., Wang, S., 2017. Generation of "Off-the-Shelf" Natural Killer
Cells from Peripheral Blood Cell-Derived Induced Pluripotent Stem Cells. Stem Cell
Reports 9(6), 1796-1812.

Zhao, T., Zhang, Z.N., Rong, Z., Xu, Y., 2011. Immunogenicity of induced pluripotent stem
cells. Nature 474(7350), 212-215.

26



Zhou, H., Wu, S., Joo, J.Y., Zhu, S., Han, D.W., Lin, T., Trauger, S., Bien, G., Yao, S., Zhu,
Y., Siuzdak, G., Scholer, H.R., Duan, L., Ding, S., 2009. Generation of induced
pluripotent stem cells using recombinant proteins. Cell Stem Cell 4(5), 381-384.

Zhou, W., Freed, C.R., 2009. Adenoviral gene delivery can reprogram human fibroblasts to
induced pluripotent stem cells. Stem Cells 27(11), 2667-2674.

Zou, J., Maeder, M.L., Mali, P., Pruett-Miller, S.M., Thibodeau-Beganny, S., Chou, B.K.,
Chen, G., Ye, Z., Park, I.H., Daley, G.Q., Porteus, M.H., Joung, J.K., Cheng, L., 2009.
Gene targeting of a disease-related gene in human induced pluripotent stem and
embryonic stem cells. Cell Stem Cell 5(1), 97-110.

Zou, J., Mali, P., Huang, X., Dowey, S.N., Cheng, L., 2011. Site-specific gene correction of a
point mutation in human iPS cells derived from an adult patient with sickle cell disease.
Blood 118(17), 4599-4608.

27



Table 1. Established and novel reprogramming methods and their advantages and disadvantages.

Reprogramming Advantages Disadvantages Example of application References
method
Formerly Somatic cell nuclear | 1- Complete 1-Ethical issues Cloning of frog (Gurdon, 1962b;
used transfer epigenetic regarding use of Kim et al., 2010;
methods reprogramming embryonic cells Lietal., 2017)
2- More ES-like than | 2-Limited source
iPSCs material
Fusion of somatic 1-Ethical issues Fusion of adult thymocytes with (Lietal., 2017,
cells with embryonic regarding use of ES embryonic stem cells Tada et al., 2001)
stem cells cells
2-Limited source
material
Integrating | Retrovirus 1-Efficient delivery 1-Risk of insertion Reprogramming of Beta- (Chhabra, 2017;
and expression of mutagenesis, viral thalassemia patient-derived skin Ye et al., 2009)
reprogramming transgene reactivation fibroblasts, these iPSCs were
factors and cancer development | differentiated to hematopoietic
2-Can be combined 2-Transduction of cells
with inducible proliferating cells only
systems or Cre/loxP | 3-Multiple vectors
systems obligatory
lentivirus 1-Efficient delivery 1-Risk of insertion Reprogramming of Juvenile (Chhabra, 2017;

and expression of
reprogramming
factors

2-Can be combined
with inducible
systems or Cre/loxP
systems
3-Transduction
independent of cell
cycle

mutagenesis, viral
transgene reactivation
and cancer development
2-Poorly silenced after
reprogramming if used
without inducer

myelomonocytic leukemia patient-
derived mononuclear bone marrow
cells, these iPSCs were
differentiated into hematopoietic
lineages

Gandre-Babbe et
al., 2013; Li et
al., 2017)
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4-Single vector
suffices

PiggyBac Vector-free excision | 1-Low efficiency Reprogramming of sickle cell (Chhabra, 2017;
(transposon-based) compared to retrovirus | disease patient-derived bone Hussein and
2-Multiple transposon marrow stromal cells, gene Nagy, 2012; Zou
integrations could cause | correction in iPSC etal., 2011)
mutations with
unknown effect
Non- Sendai virus 1-No insertional 1- Clinical grade SeV Reprogramming of primary human | (Bueno et al.,
integrating mutagenesis not (yet) available B cells 2016; Schlaeger
2-High efficiency 2- Slow clearance of etal., 2015)
compared to other vector
non-integrating
methods
Adenovirus Insertional Low efficiency Reprogramming of mouse adult (Stadtfeld et al.,
mutagenesis unlikely | compared to integrating | hepatocytes 2008)
methods
Plasmid-based No insertional Low efficiency Reprogramming of mouse adult (Okita et al.,
mutagenesis compared to integrating | hepatocytes 2008)

methods

Protein transduction

No genetic material
used

Low efficiency
compared to virus-

Reprogramming of murine
embryonic fibroblasts

(Malik and Rao,
2013; Zhou et

based methods/ al., 2009)
Technically challenging
CRISPRa 1-No insertional Sufficient efficiency Reprogramming of primary human | (Weltner et al.,
mutagenesis only when additional skin fibroblasts 2018)
2-No expression of factors are activated
foreign DNA
MRNA-based 1-No insertional 1-Technically Reprogramming of human (Warren et al.,
mutagenesis challenging neonatal foreskin fibroblasts 2010)

2-High efficiency

2-Does not work with
all cell types (e.g. blood
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cells)

Episomal-based

No insertional
mutagenesis/ Easy to

Low efficiency
compared to virus-

Reprogramming of CML patient-
derived bone marrow cells

(Huetal., 2011;
Schlaeger et al.,

produce under cGMP | based methods 2015)
conditions
microRNA-mediated | 1-No insertional Low efficiency Reprogramming of human dermal | (Miyoshi et al.,
mutagenesis compared to virus- fibroblasts using mir-200c, mir- 2011)
2-No expression of based methods 302 s, and mir-369 s
foreign DNA
Table 2. Methods for deriving specific hematopoietic lineages from human iPSCs.
IPS derived Specific Lineage iIPSC Source Reprogramming TFs Cytokines/ Small References
hematopoietic commitment method molecules
lineage
Mesenchymal stem | Retrovirus/ ERG, HOXA5, | TPO, IL-3, SCF, (Sugimura et
cell (MSCs)/ Lentivirus HOXAQ9, IL-6, IL-11, IGF- | al., 2017)
Peripheral blood HOXA10, 1, VEGF,
CD34" cells LCOR, RUNX1, | bFGF,BMP4,
Hematopoietic (PBCs) SPI1 FLT3
stem cells CD347CD45" Keratinocytes Retrovirus In vivo (Amabile et
(HSCs) differentiation al., 2013)
Keratinocytes/ Retrovirus BMP-4, TGFpI, (Woods et al.,
Neonatal foreskin VEGF, TPO, 2014)
fibroblasts EPO, SCF, FIt3-L,
PGE2
Human cord blood | Lentivirus SCF, TPO, FIt3-L, | (Dorn et al.,
Erythrocytes CD 34" (?ells IL-3, IL-6, VEGF, | 2015)
Myeloid (CBs)/ Fibroblasts EPO, BMP-4
Adult/Neonatal Lentivirus IL-3, IL-6, EPO, (Dias et al.,
fibroblasts SCF, FIt3-L, TPO | 2011)
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CB/ Peripheral Lentivirus c-MYC, BMI1, | SCF, TA-316, KP- | (Ito etal.,
blood T cells BCL-XL 457, SR-1, GNF- | 2018)
351
Megakaryocytes/Platelets | Fibroblasts Retrovirus/ GATAL, FLI1, BMP-4, SCF, (Moreau et al.,
Sendai virus/ TAL1 TPO, IL1-B 2017)
Episomal
plasmids
PBCs Lentivirus IL-3, G-CSF, GM- | (Lachmann et
CSF al., 2015)
Fibroblasts from Episomal SCF, FIt3-L, IL-6, | (Brault et al.,
Granulocytes patients with plasmids IL-3, G-CSF 2014)
chronic
granulomatous
disease
Fibroblasts Retrovirus bFGF, BMP-4, (van
SCF, VEGF, M- Wilgenburg et
CSF, IL-3 al., 2013)
Monocytes Cord blood Episomal BMP-4, VEGF, (Yanagimachi
mononuclear cells | plasmids/ SCF, bFGF, FIt3- | etal., 2013)
Retrovirus L, IL-3, TPO, M-
CSF, GM-CSF
Fibroblasts Retrovirus SCF, VEGF, (Sachamitr et
BMP-4, GM-CSF, | al., 2018)
IFN-y, TNF-a IL-
Dendritic cells 1B, PG E2, IL-4,
IL-10
Fibroblasts Lentivirus GM-CSF, M-CSF, | (Senju et al.,
IL-4, TNF-o 2011)
Peripheral blood Sendai virus SCF, FIt3-L, IL-7, | (Zeng et al.,
Lymphoid cells | NK cells mononuclear cells IL-15 2017)
MSCs Lentivirus bFGF, VEGF, (Sturgeon et
BMP-4, IGF-1, al., 2014)
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IL-3, IL-11, IL-6,

SCF, TPO, EPO,
IL-15, IL-13, FIt3-
L
T cells Fibroblasts from Lentivirus BMP-4, bFGF, (Brauer et al.,
patients with SB-431542, 2016)
RAG-1 dependent VEGF, IL-6, IL-
immune deficiency 11, EPO, IGF1,
SCF, IL-7, FIt3-L
B cells CBs Lentivirus/ 11-7, 1L-3, SCF, (French et al.,
Episomal FIt3-L 2015)
plasmids

Abbreviations: bFGF, basic fibroblast growth factor; BMP-4, bone morphogenetic protein-4; CB, human cord blood CD 34+ cells; EPO,
erythropoietin;; FLT-3L, FMS-like tyrosine kinase 3 ligand; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte monocyte
colony-stimulating factor HSC, hematopoietic stem cell; cluster iPSC, induced pluripotent stem cell; IGF-1, insulin-like growth factor 1; IL,
interleukin; IFN-y, interferon- y; MSC, mesenchymal stem cell; PBC, Peripheral blood CD34+ cells; PGE2, prostaglandin E2; SCF, stem cell
factor; TNF-a, tumor necrosis factor — a; TF transcription factor; TPO, thrombopoietin; VEGF, vascular endothelial growth factor
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