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Abstract

With the discovery of induced pluripotent stem (iPS) cells, it is now possible to convert
differentiated somatic cells into multipotent stem cells that have the capacity to generate all cell
types of adult tissues. Thus, there is a wide variety of applications for this technology, including
regenerative medicine, in vitro disease modeling, and drug screening/discovery. Although
biological and biochemical techniques have been well established for cell reprogramming,
bioengineering technologies offer novel tools for the reprogramming, expansion, isolation, and
differentiation of iPS cells. In this article, we review these bioengineering approaches for the
derivation and manipulation of iPS cells and focus on their relevance to regenerative medicine.
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INTRODUCTION

With the discovery of induced pluripotent stem (iPS) cells, it is now possible to convert
differentiated somatic cells into multipotent stem cells that have the capacity to generate all
cell types of adult tissues. Thus, there is a wide variety of applications for this technology,
including regenerative medicine, in vitro disease modeling, and drug screening/discovery.
Although biological and biochemical techniques have been well established for cell
reprogramming, bioengineering technologies offer novel tools for the reprogramming,
expansion, isolation, and differentiation of iPS cells. In this article, we review these
bioengineering approaches for the derivation and manipulation of iPS cells and focus on
their relevance to regenerative medicine.
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Definition and Generation of Induced Pluripotent Stem Cells

Advantages

iPS cells are generated via genetic reprogramming of adult somatic cells that have limited
differentiation potential but, upon reprogramming, express genes that enable them to regain
plasticity and give rise to all cell types (1). Human iPS (hiPS) cells were initially derived
from fibroblasts by transduction of genes encoding transcriptional regulators of stem cells:
Oct4, Sox2, Lin28, and Nanog (OSLN) (2) or Oct4, Sox2, KlIf4, and c-Myc (OSKM) (3).
Reprogrammed hiPS cells are similar to human embryonic stem (hES) cells in morphology,
proliferation rate, surface antigen expression, epigenetic status of pluripotent genes, and
telomerase activity. In addition, hiPS cells can differentiate into cell types of all three germ
layers in vitro and in vivo (3). However, there is some evidence to suggest that hiPS and
hES cells are not identical at the transcriptional level (3-7). There are also reported
differences in gene expression among iPS cell lines (6) that may reflect differences in the
somatic cell source or even genetic variability among similar cells (8), in the reprogramming
methodology, and/or in the degree to which the cells are genetically reprogrammed (recently
reviewed in 9). Although the various methodologies established to reprogram iPS cells are
all thought to achieve some degree of pluripotency, each has advantages and disadvantages
with respect to future clinical use.

The process of generating iPS cells initially began with the use of retroviruses and/or
lentiviruses to transduce regulatory genes either separately or in a single expression vector.
However, the use of cells containing viruses that can integrate into host chromosomes and
cause insertional mutagenesis and potentially malignant transformations (10) is not ideal for
clinical studies. In addition, the presence of viruses may evoke an immunogenic response
(11). Thus, new methodologies to generate iPS cells have been rapidly and continuously
evolving. Plasmids (12, 13), synthesized RNAs (14), and proteins (15) have all been used to
induce a pluripotent state in somatic cell types, and all of these methods appear to be more
tolerable for clinical studies, relative to viral transduction. Regardless of the technology
used, continued threat of having such cells become uncontrolled and induce genetic damage
and malignant cell growth is ever-present, and the potential and fate of these cells in vivo are
under intense investigation.

for Clinical Use

Despite potential issues with the use of hiPS cells for clinical therapy, they have a distinct
advantage over other human pluripotent stem cells, such as hES cells; that is, they can be
patient specific, thus theoretically reducing the need for immune suppression post
transplantation. However, as mentioned above, this may be dependent upon the manner in
which the cells are reprogrammed (i.e., the use of viruses for reprogramming may evoke an
adverse immune response). Because of this promise of autologous cell therapy for genetic
diseases and degenerative disorders, there remains tremendous interest in further optimizing
the derivation of hiPS cells and directing their differentiation toward cells needed for tissue
repair. New technologies and quantitative bioengineering approaches are being developed to
enable improved generation, isolation, propagation, and differentiation of hiPS cells. This
review focuses primarily on these recent developments and provides a concise overview of
our understanding of iPS cell biology, as well as engineering approaches to enable the use of
such cells in human therapies.
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ENABLING TECHNOLOGIES

New Approaches for Improved Reprogramming

To enhance reprogramming efficiency or replace reprogramming genes, microRNAS
(miRNAs) and small-molecule compounds have also been explored for cell reprogramming.
MiRNAs are an integral part of the gene network and can be regulated by pluripotent genes
and vice versa. Therefore, (a) the expression of pluripotent stem cell-specific miRNAs or
reprogramming gene-related miRNAs or (b) the inhibition of tissue-specific miRNAs may
promote cell reprogramming into hiPS cells. For example, miR-291-3p, miR-294, and
miR-295 can replace c-myc and generate homogeneous populations of hiPS cell colonies
(16), and the inhibition of let-7 miRNA enhances the expression of target genes c-myc and
Lin-28 to promote cell reprogramming (17). There is also evidence that the miRNA302/367
cluster can reprogram somatic cells into hiPS cells without the requirement for exogenous
transcription factors (18), although the reprogramming efficiency is lower.

Small-molecule compounds can replace some of the reprogramming genes or modulate
epigenetic state to enable or improve reprogramming efficiency (19-22). Via high-
throughput screening, an inhibitor of transforming growth factor beta (TGF-f) signaling was
identified, which can replace Sox2 and induce Nanog expression (20). Inhibitors of the
TGF-B and MEK pathways also facilitate mesenchymal-to-epithelial transition—a required
step in iPS cell reprogramming (23). A combination of chemical compounds can replace
Sox2 and c-myc (24), and Oct4-activating compounds were recently identified (21). Histone
modifications, including acetylation and methylation, play an important role in epigenetic
changes in cell reprogramming (25), and the small molecules that regulate histone
modifications have been shown to significantly enhance reprogramming efficiency. Valproic
acid (VPA), a histone deacetylase (HDAC) inhibitor, increases the percentage of Oct4* cells
generated during reprogramming (19). Tranylcypromine hydrochloride (TCP), an inhibitor
of lysine-specific demethylase, also improves reprogramming efficiency (20). A recent
study demonstrated that it is feasible to generate iPS cells by using small molecules alone
(26), which represents significant progress in cell reprogramming technology.

Biophysical factors such as the mechanical properties and micro/nanostructure of cell-
adhesion substrates may also play a role in cell reprogramming. For example, micro/
nanotopography can regulate cell and nucleus shape, modulate the epigenetic state, and thus
replace biochemical factors (i.e., VPA, TCP) to enhance cell reprogramming into iPS cells
(27). Interestingly, cell reprogramming with OSKM factors can be performed in suspension
culture under adherence- and matrix-free conditions (28), which suggests that OSKM factors
are sufficient to reprogram cells without the input of cell adhesion—induced signaling. How
cell reprogramming efficiency is modulated by cell adhesion awaits further studies.

Label-Free Isolation of Reprogrammed hiPS Cells

Regardless of the reprogramming method, one of the key limitations of reprogramming
somatic cells into iPS cells is the inherent low efficiency of complete reprogramming (~1%
of cells get fully reprogrammed) (29, 30). As a result, reprogramming cultures contain non-
or partially reprogrammed cells, as well as partially differentiated cells. The pure, fully
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reprogrammed iPS cell population must then be isolated for further experiments. This
process requires dissociation of cell aggregates, often manually, followed by labeling and
sorting steps, all of which are time consuming, and it involves significant cell handling and
manipulation, which leads to inefficiency and cell death. Although the recent work by Rais
et al. (31) shows that depleting Mbd3 during reprogramming tremendously increases the
efficiency of reprogramming (to nearly 100%) and synchronizes the reprogrammed cells, it
remains to be seen how this method works across different platforms. Recently, a
microfluidic approach was developed for label-free cell isolation based on the different
adhesion strengths of fully reprogrammed hiPS cells compared with non- or partially
reprogrammed cells, as well as other differentiated cells present in the culture (30). It was
found that as fibroblast cells are reprogramed, they undergo a change in their integrin
composition, leading to a decrease in adhesive strength with fibronectin. Specifically, fully
reprogrammed iPS cells have lower adhesion strength compared with partially
reprogrammed cells, which, in turn, have lower adhesion strength than undifferentiated cells.
There are also differences in the adhesion properties of cells differentiated into the neuronal
or cardiac lineages. Based on these findings, fibronectin-functionalized microfluidic
channels were constructed and used to show that under certain shear force (i.e., flow rates),
fully reprogrammed iPS cells can be detached and isolated from other, more adhesive cells
in culture. The detached cells had an unaltered karyotype and were able to form embryoid
bodies and differentiate into multiple lineages similarly to hiPS cells isolated in a
conventional manner. Although more work needs to be done in validating this technique
across all the different iPS cell lines and to scale it up for larger cultures, it represents a
significant step forward in enabling wider usage of hiPS cells, both in research and in
clinical applications.

Expansion of iPS Cells and Their Differentiated Progeny

In addition to directed differentiation of iPS cells into various lineages (discussed below),
one of the fundamental bioengineering problems in iPS cell research is the development of
technologies that enable large-scale expansion of undifferentiated iPS cells as well as
expansion of their differentiated progenies. This is not only critical for research and
preclinical studies, especially to conduct rapid and parallel experiments without the
constraint of cell numbers, but also essential for eventual translation of iPS cells into clinical
practice. Although the issue is not unique to iPS cells and applies also to embryonic and
adult stem cells, iPS cells pose a new set of challenges in this domain, and little work has
been done to specifically address their large-scale expansion. Recently, Lei & Schaffer (31a)
introduced a hydrogel-based, defined 3D culture method that could be GMP compatible,
free of animal- and human-derived factors, and scalable. Both ES and iPS cells were used
for these studies, demonstrating versatility. Although the broad applicability of this method
in other iPS cells and in different laboratories needs to be shown, the process described is
certainly highly promising. Nevertheless, the lessons learned from ES cell expansion, as
well as large-scale culture of other progenitor and differentiated cells, can be applied to iPS
cells. Two recent reviews have provided detailed description of available technologies that
have been evaluated for human progenitor cell expansion (32-34). As the majority of these
studies were conducted on human ES cells and not on iPS cells, it remains to be seen
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whether the methods translate to iPS cell processing. Nevertheless, the broad engineering
concepts involved in stem cell expansion are worth discussing in this context.

As outlined in Figure 1, similar to stem cell differentiation, expansion of undifferentiated
cells while maintaining their pluripotency—as well as expansion of differentiated,
multipotent, and terminal cells—could be influenced by three niche-specific factors: (a)
interactions of these cells with extracellular matrix components, (b) cell—cell
communication, and (c) soluble factors. Mimicking the physiological stem cell niche for in
vitro proliferation, self-renewal, and maintenance of stemness are particularly relevant for
iPS cell-derived multipotent progenitors. For example, iPS cell-derived cardiomyocytes or
hematopoietic stem cells can be expanded by creating a microenvironment that mimics the
cardiac or bone-marrow niche. However, as iPS cells, per se, are not present physiologically,
it is difficult to engineer a biologically relevant niche for their expansion. In this context,
studies on expansion of ES cells could provide relevant baseline conditions under which iPS
cell expansion can be further evaluated.

Well-mixed soluble factors and nutrients: bioreactor-based cultures—Among
all technologies, bioreactor-based culture approaches have been the most widely explored
for expansion of both animal and human stem cells, including hiPS cells (34-41).
Bioreactors provide a well-mixed (dynamic) microenvironment for suspension cultures,
thereby allowing efficient nutrient transport. They also provide a method for high-density,
large-scale culture of stem cells while maintaining a small equipment footprint. Compared
with traditional two-dimensional (2D) cultures, which are generally performed at low cell
densities and require parallel handling of tens and hundreds of petri dishes to achieve scaled-
up production, a three-dimensional (3D) bioreactor environment is readily amenable to
scaling up in a single reactor vessel. Interestingly, most bioreactors also expose stem cells to
shear forces as a result of stirring or perfusion. Although shear could be a relevant niche-
specific variable to study in certain contexts (i.e., endothelial or cardiac differentiation), its
effect on expansion of undifferentiated iPS cells and other progeny remains to be thoroughly
studied. It is worth noting that the enabling technologies in this field come from the
chemical engineering and bioprocessing industry and have been widely used for large-scale
production of recombinant proteins, biofuels, etc., from relevant cells.

Generally speaking, there are four types of bioreactors widely studied in stem cell
expansion: (@) stirred tank bioreactors, (b) perfusion bioreactors, (c) rotary vessel
bioreactors, and (d) packed bed bioreactors. Stirred tank bioreactors, commonly referred to
as spinner flasks, are impeller-driven systems that are characterized by a turbulent flow
regime. These reactors have high working volume (typically 50 mL to hundreds of liters)
and may not be suitable for small-volume process developmental studies and high-
throughput parallel experiments, especially when expensive cytokines and other biofactors
need to be added to the culture. The effect of high shear could also be a concern. However,
stirred tanked bioreactors provide excellent nutrient and gas transport and are easily
amenable to 3D scaffolds, microcarriers, and encapsulated stem cell cultures. Rotary vessel
culture systems, for example the Synthecon™ bioreactors, allow for smaller-volume cultures
(as low as 10 mL) with low shear on the cells and could also be amenable to 3D scaffold—
and microcarrier-based cultures. However, large-volume production capabilities are limited

Annu Rev Biomed Eng. Author manuscript; available in PMC 2015 January 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hirschi et al.

Page 6

as compared with stirred tank—type systems. Perfusion and packed bed bioreactors have also
been widely used for stem cell cultures (42-44), especially in the context of progenitor cell
expansion and differentiation. The flow regime is generally laminar with low shear and
allows fresh nutrients to flow continuously, thus more closely mimicking in vivo conditions.
These types of systems are amenable to 3D scaffold—based cultures, as well as
microencapsulated and microcarrier-based approaches.

Cell—cell and cell-matrix interactions: biomaterials and scaffolds—Although
polymer-based 3D scaffolds and biomaterials have been widely explored in stem cell
research, most of the work has focused on directed differentiation into specific lineages. In
terms of cell expansion, simple cell aggregates, as well as microcarriers and
microencapsulation, of stem cells into polymeric capsules have garnered the most interest
(33, 45, 46). Although cell aggregates and microcarriers are attractive choices for 3D culture
and can be readily interfaced with bioreactors, they do not allow rational design of the stem
cell microenvironment. Scaffolds or material-directed (through either cell seeding or
microencapsulation) cell expansion strategies not only allow high-density culture of
pluripotent stem cells but also provide a 3D niche of synthetic materials or extracellular
matrix components. These materials could be designed to affect specific cell-signaling
pathways, leading to efficient expansion or differentiation. In addition, they could provide
efficient cell—cell contact between the stem cells, as well as contact between stem cells and
relevant stromal cells in a 3D environment, which is otherwise difficult to achieve in
suspension cultures or 2D systems.

A critical aspect in choosing biomaterials and scaffold structures for iPS cell expansion is to
ensure that self-renewal and proliferation occurs without the presence of feeder cells and
that the process maintains the complete functionality of iPS cells. It is also essential to
develop techniques that allow a defined, serum-free culture medium to be used to ensure
reproducibility and scale-up. Although much work has been done on ES cells to achieve
these goals, only recently have several reports shown efficient expansion of iPS cells and
successful long-term expansion of hiPS and hES cells in a defined medium (47-50).
Encapsulation into negatively charged hydrogels of poly(2-acrylamido-2-methyl-propane
sulfonic acid) (PNaAMPS) was recently shown to maintain mouse iPS cell pluripotency and
long-term self-renewal in a feeder-free culture (51). Matrigel-coated polystyrene
microcarriers in a stirred tank bioreactor have also been used to successfully expand hiPS
cells (52). Further research is needed to identify appropriate matrix materials and coculture
or feeder-free conditions to successfully expand iPS cells while maintaining pluripotency
and functionality. Work like that of Lei & Schaffer (31a), discussed above, is a step in the
right direction.

MANIPULATION OF CELL FATE FOR CELL THERAPIES AND DISEASE
MODELING

As summarized above, there are a number of ways in which iPS cells can be generated, and
the methodologies are being continuously optimized to improve efficiency and enable
clinical applications. There are also a number of ways in which the fate of iPS cells can be
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directed or specific cell types can be derived from fibroblasts by direct reprogramming
(Figure 2), as summarized in this section. The cells generated from iPS cells or direct
reprogramming have demonstrated potential for in vivo therapies and in vitro disease
modeling.

Directed Differentiation into Specific Lineages

An advantage of iPS cells is their potential for generating autologous cells for disease
modeling, drug screening, and cell therapies. In general, the protocols that have been
developed for ES cells can be used to differentiate iPS cells into specific cell types,
including cardiomyocytes, vascular cells, neural cells, and hepatocytes. Many approaches
have been explored to direct cell differentiation, including 3D cultures [i.e., embryoid bodies
(EB), spheroids, rosettes]; coculture with supporting cells; monolayer cultures with specific
growth factors, cytokines, and signaling inhibitors; and biophysical (electrical, mechanical)
stimulation. In some cases, when cell development and differentiation pathways are well
characterized, it is also feasible to isolate precursor cells at intermediate stages and direct
their further differentiation in vitro.

Cardiovascular cells—EB culture results in a heterogeneous population of cells and is a
common method for generating beating cardiomyocytes from pluripotent stem cells. iPS
cells can be differentiated into functional cardiomyocytes in EB culture, although the
efficiency of differentiation of some iPS cell lines into cardiomyocytes is lower than that of
ES cells (53-55). Growth factors and cytokines such as granulocyte colony-stimulating
factor receptor (G-CSFR) can boost the yield of cardiomyocytes (56), and biophysical
factors can regulate cardiomyocyte maturation and function. There is evidence that
embryonic cardiomyocytes beat best on a matrix with heart-like elasticity and the beating is
inhibited by scar-like rigidity (57). In addition, 3D cell cultivation followed by electrical
stimulation using biowires, collagen wires made on the polydimethylsiloxane (PDMS)
microgrooves embedded with cells, has been shown to promote the maturation of cardiac
tissues (58).

Mouse and human iPS cells can also differentiate into fetal liver kinase-1 (FIk1/KDR)-
expressing cells and then be directed to specific lineages such as cardiomyocytes,
endothelial cells (EC), and mural cells (59-61). A combination of activin A, bone
morphogenetic protein-4 (BMP-4), basic fibroblast growth factor (bFGF), vascular
endothelial growth factor (VEGF), and Dickkopf homolog 1 (DKK1) can increase FIk1/
KDR-expressing cell populations in EB culture, which, in turn, generate >50% contracting
cardiomyocytes in 2D culture (59). Alternatively, Isl1-expressing multipotent cardiovascular
progenitors can be generated from mouse iPS cells and have been shown to spontaneously
differentiate into cardiomyocytes, EC, and mural cells (62).

In addition to FIk1/KDR- and Isl1-expressing progenitors, vascular cells can also be derived
from CD34* progenitor cells. A higher proportion of CD34" cells (~20%) could be derived
from hiPS cells through the inhibition of MEK/ERK signaling and the activation of BMP-4
signaling; these cells can further differentiate into EC and mural cells and contribute to
neovasculogenesis in ischemic muscle (63). When cocultured with OP9 cells, hiPS cells
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generate CD31*CD43™EC and CD34+*CD43* hematopoietic progenitors (64).
Hematopoietic progenitors can also be generated from EB culture, followed by
differentiation into blood cell lineages using VEGF and hematopoietic cytokines in a serum-
free medium (65). It is worth noting that hematopoietic progenitors from hiPS cells exhibit
limited expansion potential and early senescence (5).

Neural lineages—The differentiation of iPS cells into various neural cells has been
widely studied. iPS cells can differentiate into neural stem cells (NSC) and neural crest stem
cells (NCSC) and, subsequently, into specific neural lineages (66—68). In general, NSC can
be isolated from the central region of EB-derived rosettes, whereas NCSC are found in the
peripheral regions of rosettes. The conversion of iPS cells into neural lineages is
significantly enhanced by the inhibition of TGF- receptors and SMAD signaling (69, 70).
To obviate the need for protocols based on EB culture, E-cadherin and N-cadherin can be
immobilized on an engineered substratum to derive highly homogeneous populations of
primitive ectoderm and NSC (71). A nerve growth factor (NGF)-coated porous polymer
surface also enhances neural differentiation (72). In addition, the biophysical properties of
the substrate regulate neural differentiation. Soft substrates promote neurogenic
differentiation of pluripotent stem cells (73). For NSC differentiation, softer (~100-500-Pa)
gels greatly favor neurons, whereas harder (~1,000-10,000-Pa) gels promote glial
differentiation (74). There is also evidence that surface topography modulates the neural fate
of pluripotent stem cells; the anisotropic patterns, which are like gratings, promote neuronal
differentiation, whereas the isotropic patterns, which are like pillars and wells, promote glial
differentiation (75). How to combine these approaches and optimize the culture conditions
with biochemical and biophysical factors to enrich a specific neural lineage remains to be
explored.

Neurons and glial cells derived from iPS cells have been tested in animal models to treat
diseases and regenerate tissues in the central and peripheral nervous systems. For example,
iPS cell-derived dopamine neurons improve the behavior of rats with Parkinson disease
(76). In addition, iPS cells derived from patients with Parkinson disease can serve as an in
vitro model for mechanistic studies (77). Similarly, motor neurons and their progenitors can
be derived from iPS cells for the in vitro modeling of motor neuron diseases such as
amyotrophic lateral sclerosis (ALS) (78, 79); functional neurons can be obtained from iPS
cells generated from the fibroblasts of Rett syndrome patients as an in vitro model of autism
spectrum disorders for drug screening (80); and neurons from schizophrenia iPS cells show
diminished neuronal connectivity and offer insight into the genetic profile of this complex
psychiatric disorder (81).

Multipotent NSC and NCSC have also been explored for neural tissue regeneration. iPS
cell-derived NCSC can be used to treat peripheral neuropathy such as familial
dysautonomia (82). NCSC, when transplanted into nerve conduits, can differentiate into
Schwann cells to promote myelination and, thus, the regeneration of functional peripheral
nerve regeneration (83). Neurospheres include a mixed cell population and have potential to
differentiate into functional neurons, astrocytes, and oligodendrocytes. When iPS cell-
derived neurospheres are transplanted into the spinal cord following contusive injury, they
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differentiate into all three neural lineages, participate in remyelination, induce axon
regrowth, and promote locomotor function recovery (84).

Hepatocytes—Hepatocytes have limited expansion potential, yet there is a great need to
use hepatocytes to treat liver failure and to test drug toxicity. An efficient endoderm
differentiation from iPS cells can be induced by using activin A or a combination of
hepatocyte growth factor (HGF), activin A, and Wnt3a (85-87). Hepatocyte-like cells are
then derived using BMP-2/bFGF and HGF under low oxygen tension. iPS cell-derived
hepatocytes have a gene expression profile similar to that of mature hepatocytes and were
able to rescue lethal fulminant hepatic failure in a mouse model (87).

Direct Reprogramming

Direct conversion of existing somatic cells into a different cell type would eliminate the
need to revert cells to a pluripotent state and then direct cell differentiation. Direct
reprogramming can be achieved by either expressing master transcriptional regulators for
specific target cell types or partial reprogramming to direct the incomplete iPS cell
reprogramming process to specific differentiation pathways. These approaches may also
enable cell reprogramming in vivo for therapeutic treatment.

Direct lineage conversion—One example of in vivo cell reprogramming demonstrates
that reexpression of key transcription factors (Ngn3, Pdx1, and Mafa) in pancreatic exocrine
cells in adult mice enables reprogramming into insulin-secreted 3-cells (88). Transcription
factor expression has also been used to generate functional cardiomyocytes, neurons, and
hepatocytes. A combination of three developmentally important transcription factors (Gata4,
Mef2C, and Thx5) rapidly and efficiently reprograms postnatal cardiac or dermal fibroblasts
into differentiated cardiomyocyte-like cells (89). Forced expression of these transcription
factors in ischemic heart reprograms cardiac fibroblasts into cardiomyocytes, decreases
infarct size, and modestly attenuates cardiac dysfunction (90). An alternative combination of
four transcription factors (Gata4, Mef2C, Thx5, and Hand2) can also reprogram adult
fibroblasts into beating cardiac-like myocytes in vitro and in vivo, improve cardiac function,
and reduce adverse ventricular remodeling following myocardial infarction (91). However,
the reprogramming efficiency of mature cardiomyocytes needs further improvement, and the
optimal combination of transcriptional factors and chemical compounds for cardiomyocyte
reprogramming awaits further investigation.

A combination of the transcription factors Ascl1, Brn2, and Myt1l is sufficient to efficiently
convert mouse fibroblasts into functional neurons in vitro (92). In addition, replacement of
Ascll with a microRNA (miR-124) can directly reprogram adult human primary dermal
fibroblasts into functional neurons (93). Functional conversion of endogenous cells in the
adult brain to induced neuronal fates is also possible. Brain pericytes can be reprogrammed
into neuronal cells by retrovirus-mediated coexpression of transcription factors Sox2 and
Ascll/Mashl; these induced neuronal cells acquire the ability of repetitive action-potential
firing and serve as synaptic targets for other neurons (94).

Direct conversion of differentiated cells into hepatocytes has been achieved as well. Forced
expression of Gata4, Hnfla, and Foxa3 combined with inactivation of p19(Arf) results in
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induction of functional hepatocyte-like (iHep) cells from mouse fibroblasts, which are
capable of restoring liver functions (95). Alternatively, specific combinations of two
transcription factors (Hnf4a plus Foxal, Foxa2, or Foxa3) can convert mouse fibroblasts
into iHep cells in vitro and reconstitute damaged hepatic tissues after transplantation (96).

Partial iPS cell reprogramming—An alternative reprogramming strategy is to shortcut
iPS cell reprogramming at the early stage and redirect cell fate by using growth factors and
chemical compounds. This approach has been used to generate cardiomyocytes, NSC, and
vascular cells. As early as 4 days post iPS cell reprogramming, partially reprogrammed iPS
cells (PiPS cells) were switched to cardiogenic medium with BMP-4 and JAK-STAT
inhibitor (preventing iPS cell generation) and converted into spontaneously contracting
patches of differentiated cardiomyocytes (97). Similarly, constitutively inducing Sox2, Klf4,
and c-Myc while strictly limiting Oct4 activity to the initial phase of reprogramming
generated expandable NSC with the potential to differentiate into neurons, astrocytes, and
oligodendrocytes (98). PiPS cells, when treated with VEGF, differentiated into EC that can
improve neovascularization and blood flow recovery in a model of hind-limb ischemia (99).
When PiPS cells are seeded on collagen IV and maintained in smooth muscle cell (SMC)
differentiation media, SMC-like cells are derived, which can repopulate decellularized
vessel grafts and ultimately give rise to functional tissue-engineered vessels (100).

CLINICAL APPLICATIONS

As reviewed above, bioengineering strategies can facilitate the reprogramming, expansion,
isolation, and directed differentiation of iPS cells. Continuous improvement in these
technologies will be required to harness the potential of iPS cells for clinical applications,
including cell replacement, disease modeling, and drug screening, as discussed below.

Cell Replacement

iPS cells hold tremendous promise for regenerative medicine, especially for replacing
diseased or injured cells in target organs. A key challenge in translating this promise into
clinical reality is our ability to efficiently deliver iPS cells or iPS cell-derived progenitors
and therapeutic cells to target tissues while maintaining high viability and functionality.

Cell delivery—Delivery of iPS cells and their progeny into internal organs can currently
be achieved either through (@) intravenous injection of cells with the expectation that they
will home to the site of disease or injury or (b) local administration of the cells via catheter
placement or following open surgery. For local delivery, injectable and implantable
biomaterial scaffolds are being used, similarly to strategies explored in tissue engineering
for decades (e.g., in cardiac cell therapies as reviewed in 101). By contrast, for systemic
delivery, cells are generally injected naked (i.e., without carrier cells) in a buffer, although
this often results in high levels of cell death (102). Recent reports have suggested that
delivering stem and therapeutic cells in polymeric hydrogels of specific mechanical modulus
could significantly increase their viability during the injection process by reducing the
membrane shear forces experienced by cells during injection and needle ejection (102).
However, whether this strategy can be useful in systemic delivery to specific organs remains
to be seen, particularly because only a small percentage of the surviving injected cells are
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expected to home to, and engraft within, target organs. In this context, local delivery avoids
the issue of homing and could provide significant improvement in engraftment. Specifically,
using scaffold-based delivery and instructive materials that allow for cell survival and
proliferation while affecting specific signaling pathways in a predesigned manner could
provide the necessary niche in diseased tissues that allows efficient engraftment.

Cell survival and function—Strategies to achieve increased survival of iPS cell-derived
cells upon transplantation could include local immune modulation to reduce the
inflammatory response and thereby reduce stem cell apoptosis. Codelivery of growth
factors, extracellular matrix components, and supporting cells (i.e., stromal cells) could also
improve the survival and optimal function of iPS cell-derived cell types, especially lineage-
specific stem and progenitor cells that are typically regulated by the cells within their
surrounding microenvironment (niche). In addition, it may be possible to mimic the essential
functions of niche cells via functionalization of the delivery scaffold with appropriate cell-
signaling ligands. These areas have barely been explored, especially with respect to iPS
cells, and need significant attention in order to translate iPS cell-based therapies to clinical
reality.

Disease Modeling and High-Throughput Drug Screening

One major advantage of somatic cell reprogramming is the ability to generate pluripotent
stem cells from patients with specific genetic and chronic disorders. These disease-specific
iPS cells can then be differentiated into specific lineages, thereby providing a potentially
unlimited source of cells to study the initiation and progression of the specific disorder, as
well as to study how therapeutic interventions would affect the diseased cells (i.e., drug
screening and selection).

This potential of iPS cells has opened up a whole new aspect of research in which modeling
and in vitro high-throughput evaluation of complex disease models are becoming a reality.
Recently, iPS cells have been widely applied to studying cardiac diseases (e.g., long QT
syndrome), neurodegenerative diseases (e.g., ALS and Alzheimer disease), and other
disorders (103-107). Reprogramming of cells isolated from patients with long QT syndrome
or ALS and subsequently differentiating those cells to cardiomyocytes or neurons provides
biologically relevant disease models that were previously inaccessible to the scientific
community. The pathology of the diseases, such as arrhythmia and long action potentials in
long QT syndrome and cytosolic aggregation and short neuritis in ALS, were represented in
the patient-specific iPS cell-derived cardiomyocytes and motor neurons, respectively. The
effects of various therapeutic agents have been evaluated using these models to identify
compounds and strategies that rescue or alleviate the pathology. This concept has enormous
implications for drug discovery and clinical practice, as it has been extremely difficult to
generate animal models of many such diseases that faithfully represent the corresponding
human disease and allow identification of drug targets and understanding of effects of
treatment. In addition to long QT syndrome and ALS, significant progress has been made in
developing models for autoinflammatory disorders (CINCA) (108), Alzheimer disease
(107), sickle cell disease (109), and ataxia (110).
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It should be noted that this concept of high-throughput drug screening using iPS cell—-
derived somatic cells can also be applied to normal human cells (e.g., liver cells, neurons, or
cardiac cells) to assess drug side effects in the general population. The potential extends to
studies on gender-and ethnicity-specific effects of drugs, as well for studying effects on
infants and children, which have otherwise been extremely difficult to achieve.

SUMMARY AND FUTURE CHALLENGES

The exciting and rapid advancement of cell reprogramming technologies has opened new
avenues for regenerative medicine, disease modeling, and drug screening. To harness these
potentials, one needs to further understand the fundamental mechanisms of cell
reprograming in order to manipulate the process and improve the quality, efficiency,
accuracy, and consistency of reprogramming.

Understanding the Mechanisms of Cell Reprogramming

Cell identity and phenotype are defined by heritable epigenetic state, including DNA
methylation and histone modifications. The genetic circuits for cell reprogramming also
involve a myriad of biomolecules, such as transcriptional factors, enzymes, signaling
molecules, and miRNAs. Recent molecular and cell biology studies have unveiled how a
limited number of reprogramming factors can initiate global and specific genomic
remodeling that results in the change in cell fate. However, many questions remain to be
addressed. Genome-wide epigenetic analysis is needed to provide insight into the whole
picture of the spatial and temporal reprogramming process. Synthetic biology and novel
genetic editing tools may enable the dissection of signaling events. Systems biology
approaches may help generate models of complicated molecular network involved in
reprogramming. Whereas iPS cell reprogramming techniques have been widely studied,
little is known about the mechanisms of direct cell reprogramming. In addition, the
molecular profile and the functions of reprogrammed cells need to be defined for quality
control and therapeutic safety.

Engineering the Reprogramming Microenvironment In Vitro and In Vivo

The findings that small-molecule compounds can replace transcriptional factors for cell
reprogramming make it possible to manipulate cell fate in a controlled microenvironment.
The current methods of transcriptional factor—free reprogramming have low efficiency and
are not consistent. The timing and dosage of specific biochemicals need to be optimized.
The accuracy and efficiency of direct lineage conversion are critical for the safety and
efficacy of in vivo therapies. If such therapies are realized, one may turn fibroblasts into
functional cardiomyocytes in vivo, which would not only suppress scar formation but also
improve heart muscle regeneration; to cure Parkinson disease, one may reprogram brain
cells into dopamine neurons. Engineered nanoparticles and smart biomaterials that allow the
controlled release may be developed to enhance reprogramming efficiency in vivo. Besides
biochemical factors, the role of biophysical factors in epigenetic modifications and cell
reprogramming needs further investigation. The mechanical forces in the microenvironment
and the stiffness, topography, and micro/nanostructure of biomaterials may facilitate cell
reprogramming, together with biochemical factors.
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Patient-Specific Microorgan Systems

Although we have discussed the challenges of deriving distinct cell types from patient-
specific iPS cells, there is another greater challenge on the horizon: creating patient-specific
microorgan systems that can mimic selected functions of complex organs. Functional
somatic cells within distinct tissue microenvironments require proper cell—cell and cell-
matrix interactions to regulate cell phenotype and function as well as modulate cell
responses to microenvironmental factors and drugs. Therefore, to optimally simulate in vivo
tissue functions and closely mimic responses to drugs, it is desirable to fabricate 3D
microtissue constructs that can be used for ex vivo testing. If this is achieved, one can
envision devising strategies to functionally integrate such microorgans through biological or
artificial perfusion systems. Such integrated organ systems can then be used to understand
how disease or drug metabolism in one organ affects the functioning of other organs.
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Figure2.
Strategies to reprogram fibroblasts into iPS cells and other lineages. Cells can be

reprogrammed into PiPS cells and then into iPS cells by using transcriptional factor OSKM
or OSLN (red arrows). Cells can also be directly reprogrammed into specific cell types such
as p-islet cells, cardiomyocytes, and neurons (blue arrows) by using NPM (Ngn3, Pdx1, and
Mafa), GMT (GATA4, MEF2C, and TBX5), and ABM (Ascl1, Brn2, and Myt1l),
respectively. Furthermore, cells can be induced into PiPS cells and differentiate into
cardiomyocytes or vascular cells (EC or SMC). Abbreviations: BMP-4, bone morphogenetic
protein-4, EC, endothelial cells; iPS cells, induced pluripotent stem cells; OSKM, Oct4,
Sox2, KlIf4, and c-Myc; OSLN, Oct4, Sox2, Lin28, and Nanog; PiPS cells, partially
reprogrammed iPS cells; SMC, smooth muscle cells; VEGF, vascular endothelial growth
factor.
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