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Abstract
Wound healing is the physiologic response to a disruption in normal skin architecture and requires both spatial and
temporal coordination of multiple cell types and cytokines. This complex process is prone to dysregulation
secondary to local and systemic factors such as ischemia and diabetes that frequently lead to chronic wounds.
Chronic wounds such as diabetic foot ulcers are epidemic with great cost to the healthcare system as they heal
poorly and recur frequently, creating an urgent need for new and advanced therapies. Stem cell therapy is
emerging as a potential treatment for chronic wounds, and adult-derived stem cells are currently employed in
several commercially available products; however, stem cell therapy is limited by the need for invasive harvesting
techniques, immunogenicity, and limited cell survival in vivo. Induced pluripotent stem cells (iPSC) are an exciting
cell type with enhanced therapeutic and translational potential. iPSC are derived from adult cells by in vitro
induction of pluripotency, obviating the ethical dilemmas surrounding the use of embryonic stem cells; they are
harvested non-invasively and can be transplanted autologously, reducing immune rejection; and iPSC are the only
cell type capable of being differentiated into all of the cell types in healthy skin. This review focuses on the use of
iPSC in animal models of wound healing including limb ischemia, as well as their limitations and methods aimed at
improving iPSC safety profile in an effort to hasten translation to human studies.
Keywords: Induced pluripotent stem cell, Stem cell, Chronic wounds, Wound healing, Diabetic foot ulcer,
Peripheral arterial disease, Angiogenesis, Diabetes, Teratoma

Introduction
Wound healing is a complex physiological response to
the disruption in the normal architecture of the protective skin barrier. It involves the spatial and temporal coordination of various cell types and cytokines and is
divided into three distinct phases: inflammation, proliferation, and remodeling [1, 2]. This complex and delicate
process is prone to dysregulation secondary to local and
systemic factors that can lead to failure of healing and
progression to chronicity.
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Immediately post-wounding, hemostasis is achieved by
platelet aggregation and initiation of the coagulation
cascade. Chemotactic signals including platelet-derived
growth factor (PDGF) and fibroblast growth factor
(FGF) are released and attract macrophages, neutrophils,
and fibroblasts to the wound bed. Neutrophils and macrophages clear the wound of any bacteria and debris and
elaborate further cytokines including interleukin 1
(IL-1), vascular endothelial growth factor (VEGF), and
tumor necrosis factor alpha (TNF-α), all of which
promote cellular recruitment and proliferation. A
provisional matrix composed of fibronectin and hyaluronic acid (HA) is synthesized and secreted, upon which
epithelialization occurs with the aid of stem cells from
hair follicles and adjacent epidermis. Eventually,
fibroblasts convert fibronectin-based microfibrils into
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collagen-enriched fibers. During these events, angiogenesis results in re-vascularization of the wound [3–6].
Chronic cutaneous wounds, such as those seen in diabetic foot ulcers (DFU) and pressure ulcers, contribute
significantly to patient morbidity and mortality. They
affect over six million Americans annually and cost upwards of $25 billion [7]. Nearly every stage of wound
healing becomes dysregulated in diabetic wounds, contributing to the poor healing of DFU. Diabetic individuals suffer from impaired growth factor production,
decreased angiogenesis, depressed macrophage function
and collagen accumulation, poor keratinocyte and fibroblast migration and proliferation, and impaired stem cell
homing [1, 8–11].
The gold standard of chronic wound management involves careful diagnosis of etiology, control of infection,
optimization of vascular inflow to reduce ischemia, debridement of nonviable tissue, and offloading of pressure. Despite optimal care, only 50% of DFU heal within
12–20 weeks and 50% recur within 18 months. As such,
novel and improved methods of wound healing are urgently needed [12–16].
Stem cell therapy has emerged as an exciting potential therapy for wound healing. When transplanted
into a wound, stem cells act in a direct and paracrine
manner to promote cell recruitment, immunomodulation, extracellular matrix remodeling, and angiogenesis by secretion of cytokines and growth factors
[17–19]. Adult-derived cells, such as mesenchymal
stem cells (MSC), have shown potential in accelerating healing of chronic wounds, particularly in the
diabetic population where populations of MSC are
deficient [20–24]. MSC have shown efficacy in multiple clinical trials of DFU healing and are currently
included in several commercially available topical
products including Grafix and Stravix [25–27]. Embryonic stem cell (ESC)-derived MSC are superior to
adult-derived MSC, as they retain their potency,
show a high proliferative ability, and display a consistent phenotype [28]. However, use of these cells is
limited by the ethical issues associated with the use
of embryonic stem cells, need for invasive harvesting
techniques, immunogenicity, and limited cell survival
in vivo [29].

Induced pluripotent stem cells in chronic wound
healing
Induced pluripotent stem cells (iPSC) represent a groundbreaking innovation for adult-derived stem cells that carry
enhanced therapeutic and translational potential. First developed in 2006, iPSC are pluripotent stem cells derived
from adult somatic cells. They are reprogrammed into a
pluripotent state in vitro by induced expression of four
transcription factors including Oct4/Sox2/c-Myc/KLF4 or
Oct4/Sox2/NANOG/LIN28 [30–32]. Although their initial derivation required retroviral transfection, recent progress in stem cell techniques allows for their generation
with the use of non-integrative techniques, improving
their safety profile (Table 1) [33–35].
Similar to embryonic stem cells, iPSC are pluripotent,
have the potential for self-renewal, and can differentiate
into any adult cell type. iPSC have certain advantages
over other stem cell types in models of regenerative
medicine and wound healing. Because they are derived
from adult somatic cells, and not embryos, iPSC are not
associated with the ethical dilemmas surrounding the
use of embryonic stem cells. They are easily harvested
from cutaneous sources such as skin fibroblasts, obviating the need for invasive harvesting procedures such as
bone marrow or adipose tissue biopsies. iPSC are pluripotent and can therefore be differentiated into any adult
cell type, enhancing their potential in models of various
disease processes. Since iPSC can be derived in principle
from any adult tissue including skin, the potential pool
of source cells is many orders of magnitude greater than
other stem cell types. Lastly, iPSC can be transplanted in
an autologous fashion to avoid immunogenicity, enhancing their in vivo survival [36, 37].
iPSC are currently being evaluated in pre-clinical studies of three-dimensional (3D) organ printing, wound
healing, and angiogenesis [38]. Although much remains
to be learned about their safety and generation methods
prior to use in humans, iPSC are already being investigated in clinical trials of disease modeling including cardiomyopathy, autism spectrum disorder, coronary artery
disease, oncology, and cystic fibrosis [38].
Because they can differentiate into descendants of all
three germ layers, iPSC-derived terminally differentiated
cells have the potential to enhance each of the phases of

Table 1 Current methods for generating induced pluripotent stem cells

Non-integrative

MMLV-derived
retrovirus

Lentivirus

piggyBac Adenovirus

Sendai virus Plasmid Episome Minicircle RNA delivery Protein delivery

−

−

−

+

+

+

+

+

+

+

DNA-free

−

−

−

−

−

−

−

−

+

+

Efficient

++

++

+

−

+

+

+

+

++

–

Safe

–

–

+

+

+

+

+

+

++

++

Current methods of induced pluripotent stem cell derivation, their advantages, and limitations. Non-integrative: + yes, − no. DNA free: + yes, − no. Efficient: ++
high, + medium, − low. Safe: ++ high, + medium, − low
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diabetic wound healing through their paracrine and direct cellular effects (Table 2) [38]. During the inflammatory phase, iPSC-derived cells can secrete growth factors
and cytokines, counteracting the suppressed cytokine secretion profile seen in diabetic patients [39, 40]. This results in recruitment of macrophages as well as
proliferative cells including fibroblasts and keratinocytes, which are known to be deficient in chronic
wounds [41–44]. Direct application of stem cells into
the wound bed also mitigates the impaired homing
potential of progenitor cells into diabetic wounds
[45]. In the proliferative phase, potential iPSC-derived
cells include endothelial cells, smooth muscle cells, fibroblasts, pericytes, keratinocytes, or MSC [46, 47],
subsequently promoting angiogenesis [43] and increasing collagen deposition [42]. Because the remodeling phase is highly dependent on functional
myofibroblasts, their recruitment during the proliferative phase is essential to the last stage of wound
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healing. Finally, unlike MSC, iPSC retain the ability to
differentiate into keratinocytes [46].
The following sections review the use of iPSC in animal preclinical studies of non-ischemic and ischemic
wound healing and the limitations that need to be overcome prior to clinical use. Major findings of studies relating to cutaneous wound healing in a murine model
are outlined in Table 3.
Human-induced pluripotent stem cell-derived endothelial
cells

Angiogenesis is a vital component of wound healing, as
it reestablishes perfusion to injured tissues and delivers
key nutrients. Unfortunately, angiogenesis is diminished
in the hypoxic environment of chronic wounds. Additionally, diabetic patients have reduced homing potential of endothelial progenitor cells to sites of injury,
further suppressing their angiogenic potential. Endothelial cells are critical for vessel formation and

Table 2 Dysregulation of wound healing in diabetic wounds

Dysregulation of normal wound healing process in diabetic wounds and effects of induced pluripotent stem cells on each phase. Adapted from Falanga [1]
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Table 3 Induced pluripotent stem cells in wound healing
Author

Year Cell type

Delivery method

2018 hiPSC-derived
endothelial cells

Kim et al. [43]

2013 hiPSC-derived
Intradermal injection
endothelial and
in PBS
smooth muscle cells

Shen et al. [48]

2016 hiPSC early
vascular cells

Topical application
Variable
Acrylated hyaluronic acid
hydrogels

Tan et al. [49]

2018 hiPSC-derived
endothelial cells

Topical application
Electrospun PCL/gelatin
scaffolds

Kashpur et al. [55]

2018 hiPSC-derived
fibroblasts

Zhang et al. [59]

Animal model Major findings
Nude mice
Non-diabetic

Nude mice
6 × 104 EC
+ 4 × 104 SMC Non-diabetic

1. Increased angiogenesis
2. Accelerated wound closure
3. Increased collagen deposition,
macrophage number, blood vessel density
4. Increased host expression of PECAM, Tie-1,
and VEGF
5. Increased wound perfusion
1. Increased angiogenesis
2. Accelerated wound closure
3. Increased in vitro VEGF, EGF, and FGF-4
4. Increased smooth muscle cell migration

Nude mice
STZ diabetic

1. Accelerated wound closure and perfusion
2. No significant difference between healthy
and diabetic donor derived cells
3. Increased blood vessel density

1 × 105

FVB/N mice
Non-diabetic

1. Increased angiogenesis compared to
controls
2. Increased cell survival in scaffolds
compared to cellular injections
3. Increased arteriole density in scaffold
group compared to control and
cellular injections

Topical application
16,000
Polyethylene
terephthalate membrane
self-assembled tissues

Nude mice
STZ diabetic

1. Accelerated wound healing with
hiPSC-derived fibroblasts from DFU
compared to primary cells
2. No difference in gene expression between
hiPSC-derived fibroblasts derived from
healthy and diabetic patients

1 × 106 and
3 × 105

Nude mice
Non-diabetic

1. Accelerated wound healing as
measured by epithelialization after IV
delivery of 1 × 106 cells

200 μg

SD rats
Non-diabetic

1. Increased angiogenesis
2. Accelerated wound healing
3. Increased collagen density
4. Increased blood vessel density

20 μg

C57 mice
db/db
diabetic

1. Increased angiogenesis
2. Accelerated wound healing
3. Increased in vitro fibroblasts migration
and replication

Intravenous injection

2015 hiPSC-MSC-derived Intradermal injection
extracellular vesicles + topical application
in PBS

Kobayashi et al. [60] 2018 hiPSC-derived
extracellular
vesicles

5 × 10

5

Clayton
et al. [42]

Nakayama et al. [57] 2018 hiPSC-MSC

Intradermal injection
Suspended in medium
and Matrigel

Cell number

Intradermal injection
+ topical application
in PBS

Summary of studies implying induced pluripotent stem cells in cutaneous wound healing in a murine model, including cell type, delivery method,
animal model, and major findings
STZ streptozocin, SD Sprague-Dawley

upregulation of VEGF expression. As such, delivery of
human-induced pluripotent stem cell-derived endothelial cells (hiPSC-EC) holds great promise for accelerating
diabetic wound healing [8, 9].
Several mechanisms by which hiPSC-EC improve
wound healing have been identified thus far. Increases in
wound perfusion and vessel density may be seen within
the first 4 days following treatment in hiPSC-EC-treated
wounds in a murine model [42]. hiPSC-EC-treated
wounds have increased collagen deposition and macrophage number. Angiogenic gene expression, including
endothelial cell adhesion molecule and VEGF, are also
significantly upregulated. Cooperation of hiPSC-EC and
human-induced pluripotent stem cell-derived smooth
muscle cells (hiPSC-SMC) may also be important for
neovascularization in dermal wounds. In vitro,
hiPSC-EC elaborate more VEGF, epidermal growth

factor (EGF), and FGF-4 compared to primary cells and
are able to promote the chemotactic migration of
smooth muscle cells [43]; in vivo, co-implantation of
hiPSC-EC and hiPSC-SMC leads to greater vascular perfusion, significantly smaller open wound areas, and
greater arteriole density compared with mice treated
with hiPSC-EC alone [43].
The optimal delivery platform for iPSC and enhancement of their in vivo survival in chronic wounds is
currently under investigation, with several biomimetic
materials showing promise [48, 49]. The use of
hyaluronic-acid (HA) hydrogel constructs containing
hiPSC, endothelial progenitor, and early vascular cells
has been shown to be an effective method of stem cell
delivery [48]. These vascular constructs containing
hiPSC derived from both healthy and type I diabetic patients accelerated the recruitment of host macrophages
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to the matrix and rapidly integrated into wound bed
neovessels. Neovessels and macrophages in turn increased angiogenic factors, leading to increased angiogenesis and rapid wound closure.
One study showed there was no significant difference
between healing in wounds treated with hiPSC derived
from healthy versus type I diabetic donors in terms of
both healing rate and time to reach maximum rate [48].
Although these findings need to be confirmed with cells
from type II diabetics, these results hold promise for autologous transplant in diabetic patients. In murine
models, iPSC-EC from obesity-induced diabetic mice
showed defective function compared to iPSC-EC from
healthy controls [50], suggesting further studies comparing iPSC derived from healthy and diabetic sources.
As with many stem cell approaches, the low rate of in
vivo cell survival has been a major limitation in wound
healing. The in vivo lifetime of hiPSC-EC increased by
culturing them on electrospun polycaprolactone (PCL)/
gelatin scaffolds; this mode of cell delivery also increased
blood perfusion and arteriole density in the tissue surrounding hiPSC-EC-seeded scaffolds compared to controls [49]. Similar to observations by Shen et al. [48], the
local immune response involving macrophages was increased by twofold in the presence of a scaffold alone, and
this was further enhanced by the addition of hiPSC-EC, although macrophage subtype was not evaluated.
Together, these studies confirm that hiPSC-EC not
only accelerate wound healing via increased angiogenesis, but have potential to do so to a greater extent than
primary cells. Although equivocal in animal-derived
iPSC, some studies examining hiPSC derived from diabetic humans suggest that they are not inferior to those
from healthy donors, potentially allowing diabetic patients to undergo autologous transplant of their own
cells with equal regenerative potential. This finding
broadens the scope of hiPSC translational potential. Although the optimal delivery vehicle and hiPSC niche are
yet to be elucidated, early studies show promising results
at increasing cell survival in vivo, while advances in
hiPSC-EC differentiation are becoming more efficient
and rapid [51, 52].
Human-induced pluripotent-derived fibroblasts

During wound healing, fibroblasts are responsible for the
production of collagen, fibronectin, and proteoglycans,
which form the extracellular matrix on which reepithelialization and healing occur [53]. Fibroblasts isolated from DFU have decreased proliferation potential in
response to growth factors [54], leading to delayed wound
healing. As such, reconstitution of a healthy fibroblast
population in DFU wounds can promote wound closure.
Kashpur et al. [55] found that hiPSC-derived fibroblasts from DFU are better at facilitating wound closure
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compared to primary DFU fibroblasts. hiPSC-derived
cells from diabetic and healthy patients are more similar
to each other than the cell lines from which they were
derived and have similar gene expression. Gene ontology
showed that hiPSC differ compared to primary cells in
genes responsible for cell migration, cell proliferation,
extracellular matrix organization, response to endogenous stimuli, developmental processes, and cell adhesion
[55]. In functional assays, hiPSC-derived cells showed
improved migratory properties in two-dimensional culture, although proliferation was unchanged [55].
In vivo, self-assembled 3D extracellular matrix tissues
from hiPSC-derived fibroblasts improved re-epithelialization in a diabetic mouse model, when applied topically
[55]. Tissues constructed from primary healthy foot fibroblasts significantly improved wound healing compared
with primary fibroblasts of DFU origin. hiPSC derived
from healthy and diabetic fibroblasts also accelerated
wound healing to a greater extent than primary
DFU-derived fibroblasts [55]. Therefore, hiPSC fibroblasts
from diabetic subjects appear to have similar wound healing potential as those derived from healthy donors, suggesting their translational potential.
Human-induced pluripotent-derived mesenchymal stem
cells

MSC are multipotent stem cells that promote cutaneous
healing by homing to wounds and differentiating into
myogenic, chondrogenic, osteogenic, and adipogenic derivatives. MSC also produce growth hormones that drive
angiogenesis and re-epithelialization, while mobilizing
the resident stem cell niche and contributing to favorable immunomodulation [21]. However, MSC derived
from diabetic rats appear to have impaired proliferation,
differentiation, and expression of pro-angiogenic factors,
and lack of ischemic wound healing potential [56]. Thus,
repopulating chronic wounds with human-induced
pluripotent stem cell-derived MSC (hiPSC-MSC) may
have better potential to accelerate healing.
Nakayama et al. [57] successfully established hiPSCMSC from keratinocytes of healthy individuals and
patients with epidermolysis bullosa and studied their
wound healing potential in a nude mouse model [57].
With subcutaneous and intravenous delivery, hiPSCMSC successfully secreted human type VII collagen at
the dermal-epidermal junction. Intravenous injection of
cells led to increased wound healing as measured by epithelialization. However, cells were eliminated from the
wounds by 2 weeks.
Human-induced pluripotent stem cell-derived
extracellular vesicles

Although pluripotent iPSC hold tremendous promise in
wound healing and regenerative medicine, their use in
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clinical trials is currently limited due to their teratogenic
potential. Although teratoma formation after topical
transplantation has not yet been studied, subcutaneous
injection of differentiated iPSC led to teratoma formation [58]. Thus, harnessing hiPSC potential independent
of cellular transfer may prove to be safer. Nano-sized
extracellular vesicles containing protein, mRNA, and
miRNA (previously known as exosomes) accelerate
chronic wound healing similar to hiPSC, but eliminate
the risks of teratoma formation as they are devoid of
nuclei and therefore incapable of dividing, making them
a new and exciting candidate among potential wound
healing therapies.
Extracellular vesicles released from hiPSC-MSC facilitate cutaneous wound healing by promoting collagen synthesis and angiogenesis [59, 60]. Specifically, hiPSC-MSC
extracellular vesicle treatment promotes greater wound
closure, faster re-epithelialization, decreased scar width,
and higher density of blood vessels in treated animals including diabetic wound models [59, 60]. In vitro, human
fibroblasts show greater proliferation, migration, and expression of fibronectin, collagen type I and III, and elastin
in the presence of hiPSC-MSC-extracellular vesicles. Similarly, human umbilical vein endothelial cell (HUVEC) exhibit increased migration, proliferation, tubule formation,
and branching with hiPSC-MSC-extracellular vesicle
treatment [59].
The primary hurdle to overcome before clinical application of hiPSC-derived cells is the elimination of their
tumorigenic potential. The aforementioned studies were
able to harness the therapeutic potential of hiPSC without obvious negative side effects, a major step in furthering these cells’ translational potential.

Human-induced pluripotent stem cells in ischemic
wounds
In addition to their therapeutic potential in cutaneous
wound healing, iPSC are currently being investigated in
multiple disease models of ischemia, including peripheral arterial disease, myocardial infarction, osteonecrosis,
and retinopathy. Consistent with findings from cutaneous wound healing studies, the primary driver of iPSC
healing in the majority of these models is their
pro-angiogenic potential [61]. Although iPSC have thus
far been examined in models of peripheral arterial disease, these models have not yet evaluated wound healing
in chronically ischemic limbs.
iPSC ameliorate ischemia in models of peripheral
arterial disease by reducing inflammation, promoting
angiogenesis, and reconstituting viable cellular populations such as endothelial cells. In a nude mouse hind
limb ischemia model, hiPSC-EC in conjunction with
VEGF reduce inflammation and promote muscular regeneration [62]. hiPSC-EC also improved blood flow to
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ischemic limbs by increasing the total number of capillaries as well as angiogenic cytokines and growth factors
[63]. Compared to induced endothelial cells generated
from fibroblasts, hiPSC-EC show similar perfusion recovery, although capillary density in the ischemic muscle
was only increased in the induced endothelial cell group
[64]. Furthermore, hiPSC-EC enhanced angiogenesis via
paracrine signaling in ischemic tissue [65].
In a similar model, when compared to bone
marrow-derived MSC, hiPSC-MSC reduced muscle fibrosis, improved ambulatory impairment and tissue loss,
and enhanced perfusion [66]. hiPSC-MSC extracellular
vesicles also enhance microvessel density and blood perfusion in limb ischemia models. In vitro, these extracellular vesicles activated angiogenesis-related protein
expression and promoted HUVEC migration, proliferation, and tubule formation [67]. Similarly, hiPSC-derived
pericytes injected into ischemic murine limbs increased
the reperfusion of limbs by approximately fourfold by incorporating not only into host vasculature, but also into
muscle [68]. This observation demonstrates their potential for differentiation and regeneration of multiple types
of ischemic tissue.
The majority of studies employing iPSC in models of
peripheral arterial disease have delivered cells or extracellular vesicles via intramuscular (IM) injection with
cells suspended in buffer or culture medium [61, 63–69].
Cell survival was increased when the cells were suspended in a recombinant hydrogel, which may prevent
cell membrane damage from the shear stress of injection
[70]. Similarly, delivery of cells in a shear-thinning
hydrogel for injectable encapsulation and long-term delivery (SHIELD) found that cells were not only protected
from syringe shear stress resulting in higher acute cell
survival, but had enhanced in vivo retention [70]. Similar
to studies of iPSC in cutaneous wound healing, the optimal delivery method for cells in models of peripheral
arterial disease remains to be perfected.

Induced pluripotent stem cells and teratoma
formation
Despite their great promise, the use of pluripotent stem
cells whether induced or embryonic is limited by their
tumorigenic potential [71–73]. Because iPSC and human
embryonic cells are capable of differentiating into cells
from any of the three germ layers, they also carry the
potential to form teratomas in the undifferentiated state.
For example, in vivo teratoma formation in immunodeficient mice is frequently used as an assay for defining
pluripotency [74–76]. Because hiPSC and their behavior
are complex, the latency, efficiency, and tissue composition of their resultant tumors vary greatly with the
number of transplanted cells, site of injection, cell line,
and mode of hiPSC derivation. Even among ten
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commercially available hiPSC cell lines derived in a similar fashion, there were variations in tumor incidence,
formation latency, and tumor volumes; these differences
may be attributed to different viral insertion sites, as well
as acquired mutations [69].
Numerous strategies are currently under investigation
aimed at eliminating iPSC teratogenic potential, in
addition to the use of extracellular vesicles mentioned
above. Cellular differentiation prior to cell transplantation is one approach to decreasing the risk of teratoma
formation. For example, cellular-based therapies, such as
those used in some wound healing studies, use terminally differentiated cells. This strategy, however, does not
eliminate the risk of inadvertent transplantation of residual undifferentiated cells. In fact, multiple studies using
neural and chondrogenic derivatives have shown persistent teratoma formation [58, 77, 78]. Further, gene expression patterns from hiPSC-MSC overlap with those from
cancer cells, but not corresponding primary cells [79].
Several methods are currently employed for generating
iPSC, with the oncogenic safety profile of some superior
to others (Table 1). Retroviral vectors were the first to
be described, including Moloney murine leukemia virus
(MMLV) and lentivirus. However, these viruses integrate
into the host genome and require the use of harmful
viral particles expressing oncogenes. They are also prone
to insertional mutagenesis and are therefore not safe for
clinical application. The piggyback transposon, although
still integrative, can be excised. Adenovirus, Sendai virus,
and plasmid delivered vectors do not integrate into the
host genome, but are less efficient and difficult to clear
from host cells. Plasmids, small plasmids, and episomes
are safer than viral vectors, but some genome integration
has been observed. By far, the safest reprogramming
methods are those which employ the use of RNA, protein, and small particle chemical delivery, all of which
are transgene-free. Unfortunately, these methods are the
least efficient and slowest; nonetheless, they are being
employed with greater frequency [34, 35].
Other modes of eliminating iPSC oncogenic potential
are being investigated. Cells are now successfully reprogrammed without the use of c-Myc, the most oncogenic
Yamanaka factor [80]. Small molecules including
quercetin and YM155, which target anti-apoptotic signals such as survivin, have been successfully used to
eliminate the undifferentiated cells in a mixed population in vitro [81]. Similarly, inhibitors of lysine-specific
demethylase 1, deregulated in teratogenic cells, prevent
tumor formation [82]. Pluripotent cell-specific inhibitors
(PluriSIns), including oleic acid synthesis inhibitors, are
now commercially available for the prevention of teratoma formation after the use of undifferentiated cells
[83]. Undifferentiated cells capable of teratoma formation can also be distinguished morphologically from
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their differentiated counterparts to select for differentiated cells only [84]. Brentuximab vedotin, which targets
CD30 on undifferentiated cells and induces apoptosis,
has been used to eliminate the teratogenic potential of
iPSC-derived cardiomyocytes [85]. Together, these techniques have the potential to produce iPSC in safer
and more efficient ways, hastening their entry into
clinical trials.

Conclusion
iPSC are an innovative and exciting new cell type with
potential to revolutionize the fields of regenerative
medicine, inherited genetic disease, and drug therapy.
hiPSC hold great promise to accelerate chronic wound
healing, with increased healing and reperfusion following wounding or ischemia in rodent preclinical models.
Although much has been learned about iPSC generation and optimization in the short time since their development, their safety profile, particularly in relation
to tumorigenic potential, remains to be understood in
sufficient detail to allow clinical translation. In addition,
hiPSC can be derived from patients with chronic diseases and reprogrammed into cells functionally resembling those derived from healthy individuals. However,
iPSC-EC derived from obesity-induced diabetic mice
showed decreased healing and angiogenic capacity, and
thus, further studies will be required to understand the
differences between hiPSC derived from diseased and
healthy donors.
Major hurdles must be overcome before iPSC use in
humans becomes possible. Methods for generating
hiPSC with non-integrative technology, preferably by
protein and small particle transfer, must become more
efficient and speedier. Standardized protocols for teratoma formation assays as proof of pluripotency must be
developed in order to derive meaningful conclusions
about cell lines. The optimal platform for delivery of
hiPSC into a wound, including the ideal niche to prolong
cell survival and intracellular signaling, needs to be determined. New methods for eliminating undifferentiated
cells capable of tumorigenic potential prior to cellular
transplant are necessary. Although studies have examined the tumorigenic potential of cells injected directly
into murine tissues, no study to date has examined this
potential after cutaneous application of hiPSC. Thus,
further animal studies to evaluate the safety and efficacy
of iPSC are crucial prior to their translation into
humans, including large animal models that more
closely mimic human skin [86]. Lastly, since the therapeutic potential of hiPSC appears to be mainly driven by
their paracrine effects, the role of extracellular vesicles,
which entirely eliminate tumorigenic potential, should
be understood.
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