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Embryonic development and cell specification have been viewed as an epigenetically rigid
process. Through accumulation of irreversible epigenetic marks, the differentiation process
has been considered unidirectional, and once completed cell specification would be per-
manent and stable. However, somatic cell nuclear transfer that involved the implantation of a
somatic nucleus into a previously enucleated oocyte accomplished in amphibians in the
1950s and inmammals in the late 1990s—resulting in the birth of “Dolly the sheep”—clearly
showed that “terminal” differentiation is reversible. In parallel, work on lineage-determining
factors like MyoD revealed surprising potential to modulate lineage identity in somatic cells.
This work culminated in the discovery that a set of four defined factors can reprogram
fibroblasts into induced pluripotent stem (iPS) cells, which were shown to be molecularly
and functionally equivalent to blastocyst-derived embryonic stem (ES) cells, thus essentially
showing that defined factors can induce authentic reprogramming without the need of
oocytes. This concept was further extendedwhen it was shown that fibroblasts can be directly
converted into neurons, showing induced lineage conversion is possible even between cells
representing two different germ layers. These findings suggest that “everything is possible”
(i.e., once key lineage reprogramming factors are identified, cells should be able to convert
into any desired lineage).

The initial generation of embryonic stem (ES)
cells in the early 1980s was a long sought-

after accomplishment (Evans and Kaufman
1981; Martin 1981). These cells were success-
fully derived from the inner-cell mass cells of
the early mouse blastocyst, which are the cells
that are giving rise to the germ line and all so-
matic lineages of the body as well as the non-
maternal extraembryonic tissues. Remarkably,
cultured ES cells maintained this unique plurip-
otent property as they are able to generate germ
and all somatic lineages on injection into the
early blastocyst, forming a truly chimeric ani-
mal. Second and importantly, ES cells can also

be propagated for many cell divisions without
losing their pluripotency bestowing their stem
cell property. With the breakthrough of somatic
cell nuclear transfer in mammalian adult cells
(Wilmut et al. 1997), it was shown reprogram-
ming through nuclear transfer is not limited to
amphibians (Gurdon 1962).

The ability to generate ES cells would now
allow the derivation of individualized ES cells.
Such cells, derived from a patient’s own cell
source, could be further differentiated into a
clinically relevant cell type for therapeutic trans-
plantation purposes, coined “therapeutic clon-
ing.” These concepts moved closer to reality
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when human ES cells were successfully derived
from normal blastocysts (Thomson et al. 1998)
and when somatic cell nuclear transfer was ac-
complished with human cells and human oo-
cytes (Tachibana et al. 2013).

However, when translated to human cells, the
derivation of nuclear transfer ES cells does re-
quire the use of dozens or more human oocytes
and involves the destruction of a cloned human
embryo. Thus, the procedure faced substantial
logistical problems if itwere tobe used inaclinical
setting. Moreover, the cloned embryo is arguably
generated artificially but regardless represents an
early human embryo with the potential to de-
velop into a human being. Therefore, its needed
destruction also raised ethical concerns.

Given the successful nuclear transfer exper-
iment and trusting that the enucleated oocyte
does not represent a miracle, but in the end is
composed of defined chemical matter, scientists
reasoned it ought to be possible that reprogram-
ming somatic cells to pluripotent cells using de-
fined factors. Following a systematic screen of
candidate pluripotency factors, it was Takahashi
and Yamanaka that succeeded to convert mouse
fibroblasts into cells with many pluripotent fea-
tures, termed induced pluripotent stem (iPS)
cells (Takahashi and Yamanaka 2006a).

These initially described cells did not reach
full pluripotent potential as they were not able to
generate newborn chimeric animals when in-
jected into blastocysts. Not long after the initial
discovery, three independent groups including
Yamanaka’s group showed the formation of iPS
cells with full pluripotent potential (Maherali
et al. 2007; Okita et al. 2007; Wernig et al.
2007), and not long after that the first human
iPS cells were generated (Takahashi et al. 2007;
Yu et al. 2007). In light of these breakthrough
discoveries, the question arose whether a similar
concept of direct lineage conversion could also
be extended to other, nonpluripotent lineages,
such as conversion between distantly related so-
matic cell types. Of note, transcription factors
had been identified that were able to induce a
specific lineage identity in closely related cells
such as B-lymphocytes to macrophages, fibro-
blasts to myocytes, exocrine to endocrine pan-
creatic cells, and astrocytes to neurons, but di-

rect conversions between distantly related cell
types had not been attempted or were not suc-
cessful yet (Davis et al. 1987; Xie et al. 2004;
Berninger et al. 2007; Zhou et al. 2008).

It was our group that thenwas able to identify
three defined transcription factors that were suffi-
cient to convert mouse fibroblasts to functional
neurons bywayof true transdifferentiation (Vier-
buchen et al. 2010), a finding replicated and ex-
tended to humanfibroblasts the following year by
numerous groups including ours, inspiring addi-
tional cell-type conversion attempts (Vierbuchen
etal.2010;Yinetal.2010;Ambasudhanetal.2011;
Caiazzo et al. 2011; Huang et al. 2011; Pang et al.
2011; Pfisterer et al. 2011; Yoo et al. 2011;Marga-
riti et al. 2012; Qian et al. 2012; Agley et al. 2013;
Kogiso et al. 2013; Okita et al. 2013; Chakraborty
et al. 2014;Victoret al. 2014;Colasante et al. 2015;
Jayawardena et al. 2015; Li et al. 2015;Morita et al.
2015; Sayed et al. 2015; Boularaoui et al. 2018).

THE DERIVATION OF INDUCED
PLURIPOTENT STEM CELLS

Yamanaka and others screened 24 candidate plu-
ripotency factors for their ability to induce plu-
ripotency in mouse fibroblasts (Takahashi and
Yamanaka 2006a). Among those, no single factor
was able to induce pluripotency. However, the
pooled infection of all 24 factors did. Attempting
to identify the critical factors, the group did
something very clever. They omitted each factor
and tested all 23-factor pools. These experiments
showed that four factors, Oct4, Sox2, Klf4, and c-
Mycwere critical for the reprogramming process.
Combining these four factors were then sufficient
to induce iPS cells. To this day, these factors re-
main the basis for inducing pluripotency from
somatic cells. Various variations and additional
facilitating factors have been identified over the
years. In the following we will go through these
classes of reprogramming factors in more detail
(Hong et al. 2009; Li et al. 2009a).

Oct-3/4

Oct-3/4 (also known as Pou5f1) is a member of
the family octamer (oct) transcription factors
and is essential to induce and maintain pluripo-
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tency and is essential for early embryonic devel-
opment (Schöler et al. 1991; Nichols et al. 1998).
Its absence leads to spontaneous trophoblast dif-
ferentiation and its presence is what makes ES
cells pluripotent with ability to differentiate.
Oct4 is considered the most critical reprogram-
ming factor and has been the only factor known
to date to induce pluripotency as single factor
(Kim et al. 2009).

Sox Family

Several Sox family of transcription factors, in
particular Sox2, are associated with maintaining
pluripotency similar to Oct-3/4, although it is
more broadly expressed such as in neural stem
and progenitor cells. Oct4 has a much more re-
stricted expression pattern and quite tightly
associated with pluripotent and germ cells. Re-
markably, several Sox familymembers are able to
replace Sox2. For example, Sox1, which is not
expressed in pluripotent stem cells, yields iPS
cells with a similar efficiency as Sox2, and genes
Sox3, Sox15, and Sox18 also generate iPS cells,
although with decreased efficiency (Takahashi
and Yamanaka 2006b).

Klf Family

Klf4 of the zinc finger domain containing Klf
family of transcription factors was one of the
original four factors found by Yamanaka to in-
duce iPS cells. Unlike Oct4, and to some degree
Sox2, it is not specifically expressed in pluripo-
tent stem cells but to very high levels. It is also
prominent for its rapid down-regulation during
differentiation of ES cells. Unlike Sox2, Klf4
seems to be rather unique among its family
members as its related genes Klf1 and Klf5
were able to replace Klf4 in reprogramming,
but with reduced efficiency (Jeon et al. 2016).

Myc Family

The Myc family of transcription factors are
among the most important oncogenes implicat-
ed in the formation of nearly all human cancers
(Stefan and Bister 2017). c-Myc was one of the
original four iPS cell reprogramming factors.

However, it was quickly realized that c-Myc is
not required to induce pluripotency (Nakagawa
et al. 2008; Wernig et al. 2008b). With just the
three factors Oct4, Sox2, and Klf4, the repro-
gramming efficiency was reduced and in partic-
ular the reprogramming process was slowed
down. Thus it was concluded that c-Myc’s
main role is to drive continued cell proliferation.
Both N-myc and L-myc have been also used in-
stead of c-myc with similar efficiency (Riddell
et al. 2014).

Nanog

Nanog was identified as a core transcriptional
regulator of pluripotency in ES cells (Chambers
et al. 2003; Takahashi and Yamanaka 2006b;
Silva et al. 2009; Takashima et al. 2014). It was
therefore surprising that Nanog was not among
the first set of reprogramming factors. Given its
strong pro-pluripotent properties, Nanog was
continued to be evaluated and was later shown
to support human cell reprogramming in an
alternative combination of reprogramming fac-
tors (Yu et al. 2007).

LIN28

LIN28 stands out among the iPS cell reprogram-
ming factors in that it is not a transcription factor
but ratheranmRNA-bindingprotein. It is highly
expressed in ES cells and generally associated
with undifferentiated cells (Oka et al. 2010; Hef-
fernan et al. 2011). The original reprogramming
factor combination did not contain Lin28, but it
was found to reprogram human cells in combi-
nation with NANOG, POU5F1, and SOX2 (Yu
et al. 2007). In the following section we will dis-
cuss the various methods that have been used to
reprogram cells.

REPROGRAMMING BY EXOGENOUS
TRANSGENE OVEREXPRESSION

The most commonly used method to induce
lineage reprogramming is the use of viral vectors
to introduce exogenous transgenes into cells.
This method was the first successfully used in
reprogramming and remains one of the most
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reliable andmost efficient to this day (Takahashi
et al. 2007).

Both lentiviruses and conventional retrovi-
ruses are the most used in reprogramming and
transdifferentiation studies owing to their ability
to effectively integrate DNA directly into the ge-
nome of the host cell, which allows for stable gene
expression(Merrell andStanger2016).Onreverse
transcription of their RNAgenome, their proviral
DNA is integrated randomly into the host cell
genome. As a result of this stable genomic inte-
gration, proviral genomes are passed to daughter
cells during cell division. One unique feature of
lentiviruses is theirability to infect bothnondivid-
ing anddividing cell types,whereas infectionwith
conventional onco-retroviruses requires active
cell division (Dufait et al. 2012). Although con-
ventional retrovirusesand lentiviruscancarryand
express long segments of DNA, the longer the
cDNA the lower the efficiency to generate infec-
tious viral particles.Nevertheless, amulticistronic
lentiviral vector that contains all four Yamanaka
factors turns out to create a very reliable repro-
gramming tool (Sommer et al. 2009).

One lentiviral approach taken was the com-
bination with inducible promoters such as the
doxycycline-inducible system, which allowed the
generation of inducible, “secondary” iPS cells that
contain the optimal integration of reprogram-
ming lentiviral transgenes (Wernig et al. 2008c).
Integration of viral DNA has the advantage of
stable and robust transgene expression, but the
disadvantage of altering the host genome by ran-
dom viral integrations, potentially causing dis-
ruptive mutations or activation of proto-onco-
genes. Therefore, the search began to explore
exogenous transgene expression systems without
theneedforgenomic integration.Lentivirusescan
be manipulated to become nonintegrating, but
such approaches proved inefficient because of
the absence of maintained transgene expression.
Similarly, various transfection approaches were
successful but overall inefficient and inconsistent
(Okita et al. 2008; Yu et al. 2009).

These results were not surprising, as early
workhadalreadyshownthat sustained transgene
expression is required for many days and trans-
fection approaches produce only transient ex-
pression (Wernig et al. 2007). Consequently,

thefield then explored other nonintegrating viral
deliverymethods. Both adenoviruses and Sendai
viruses are nonintegrating and Sendai viruses
have the ability to produce a more sustained ex-
pression by self-replication. Both have been used
in reprogramming studies (Ferrari et al. 2008;
Ban et al. 2011).

The main advantage of adenoviruses is their
large cargo capacity but more importantly, the
sustained expression by Sendai viruses through
theircytosolic replicationprovedhighlyefficient,
and for a many years Sendai virus–based repro-
gramming has been the method of choice for
reprogramming, spurring bioscience reagent
companies to develop commercial reprogram-
ming kits based on Sendai viruses.

Early on, mRNA transfection was shown to
allow iPS cell reprogramming from fibroblasts
(Angel and Yanik 2010; Kobayashi et al. 2021).
Because the reprogramming factors had to be
active for a long period of time, the method re-
quired repeated transfections,whichwas too tox-
ic for cells. An important insight that leads to
the ability to successfully reprogram fibroblasts
to iPS cells was that blockade of innate immune
responses substantially increased cell survival.
In combination with optimized media, mRNA
transfection has now become a reliable and effi-
cientmethod to induce reprogramming (Mandal
and Rossi 2013).

FACILITATION OF DIRECT CELL
REPROGRAMMING BY ENDOGENOUS
GENE REGULATION

Silencing Endogenous Genes
with CRISPR/Cas9

CRISPR/Cas9 technology has provided a large
variety of novel experimental approaches to
modulate endogenous gene expression. In par-
ticular,CRISPR/Cas9 creates a sequence-specific
double-strand break guided to specific genomic
loci using the associated guideRNA (gRNA) in
the ribonucleic acid–protein complex. The dou-
ble-strand break triggers DNA repair mecha-
nisms, one of which constitutes the homologous
recombination of donor DNA molecules with
homologous sequence arms allowing the inser-
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tion of any desiredDNAmolecule at any desired
destination in the human genome (Warren et al.
2010; Cong et al. 2013; Qi et al. 2013; Doudna
and Charpentier 2014; Doudna 2015; Wen et al.
2018).

The gRNAs are strands of about 20 nucle-
otides that allow the CRISPR complex to
specifically bind to DNA that matches the com-
plementary sequence of the gRNA. Its ability to
recognize and bind to specific sequences of
DNA with limited off-target effects makes it
also a method for the induction or reprogram-
ming and transdifferentiation (Chen et al. 2017).

By its very nature, CRISPR/Cas9 can genet-
ically destroy and thus permanently silence
specific genes. As discussed above, most repro-
gramming requires the overexpression of genes
but in some cases elimination of a critical lineage
determination factor supports or even induces
transdifferentiation such as elimination of the
muscle factor MyoD or the B lymphocyte factor
Pax5 (Mikkola et al. 2002; Chen et al. 2017).

Up-Regulating Endogenous Genes
with dCas9

One important application ofCas9 technology is
a variation of the Cas9 protein to induce or re-
press endogenous gene expressionwithout alter-
ing the genetic sequence. dCas9 is amutant form
of Cas9, that has no nuclease activity but retains
DNA-binding activity. It can thus be used to en-
hance or suppress the expression of endogenous
genes by way of fusing dCas9 to transcriptional
repressing or activating domains.

As mentioned above, gene activation is
more relevant for cell reprogramming. Common
partner fusion proteins for dCas9 include VP64,
VP64-p65-Rta (VPR), histone acetyltransfer-
ases (HATs), synergistic activation mediators
(SAMs) (Roth et al. 2001; Zhang et al. 2015).
VP64 is a transactivator domain that recruits ac-
tivating transcription factors to up-regulate the
gene of interest. VPR domains contain VP64 but
also include two additional activating transcrip-
tion factors p65 and reverse tetracycline trans-
activator (rTA). All three of these transcription
factors are targeted to the same gene, vastly im-
proving its up-regulation in comparison toVP64

alone (Cieślar-Pobuda et al. 2016). dCas9-VPR
has been successfully used to induce neuronal
reprogramming (Chavez et al. 2015).

HATs, such as p300 andCREB-binding pro-
teins, are enzymes capable of acetylating lysine
residues found on histones. Once they become
acetylated, the DNA wrapped around the his-
tones is loosened, allowing dCas9 to better access
theDNA. dCas9 uses theHATdomain to expose
the DNA, then binds to the promoter region
of the gene of interest and recruits transcription
factors to up-regulate transcription. The use of
SAMs is much more direct; instead of altering
histone acetylation, SAMs simply contain three
components (MS2, p65, and HSF1) that help
recruit a wide array of transcription factors.
SAMshave the ability to up-regulate genes great-
ly, as the recruited transcription factors work
synergistically to activate the gene of interest.

Cas9-mediated activation (CRISPRa) also
offers the possibility of unbiased screens to op-
timize reprogramming because short gRNA se-
quences are easier to combine in large numbers
than entire genes (Liu et al. 2018).

DIRECT CELL REPROGRAMMING BY
PHARMACOLOGICAL AGENTS

Cells have been treated with pharmacological
agents that are capable of modifying the genetic
and epigenetic environment to promote trans-
differentiation. One of the first reprogramming
eventswere in fact induced using such apharma-
cological agent. Davis, Weintraub, and Lassar’s
breakthrough discovery of MyoD in 1987 was
based on the previous observation that the
DNA methyltransferase inhibitor 5-azacytidine
(5-Aza) is able to inducemuscle cells from fibro-
blasts (Jones et al. 1983).

5-Azacytidine is a chemical analog of cyti-
dine. Cellsmetabolize azacytidine in a cascade of
reactions, ultimately incorporating it into DNA.
Because of differences in molecular structure,
5-azacytidine is unable to be methylated, thus
inhibiting DNA methylation at CpG sequences
(Roth et al. 2001). The inhibition of DNAmeth-
ylation leads to a change in the epigenetic envi-
ronment, resulting in a change in gene expres-
sion. Another DNA methylation inhibitor,
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zebularine, supported the transdifferentiation
of bone marrow fibroblasts into cardiomyo-
cyte-like cells (Naeem et al. 2013). Although
DNA methylation inhibitors have served to
gain important insights into epigenetic regula-
tion of reprogramming processes, they also have
cytotoxic effects, requiring a narrow dosing and
making it difficult to optimize reprogramming
while maintaining sufficient cell viability. Anoth-
er type of pharmacological agent used in support
of transdifferentiation is dexamethasone, a gluco-
corticoid that is capable of activating certain
transcription factors to promote the transdiffer-
entiation of several cell types (Naeem et al. 2013;
Zhang et al. 2015; Cieślar-Pobuda et al. 2016).
Dexamethasone binds to glucocorticoid recep-
tors, which then directly act on chromatin to
modulate gene expression (Lu et al. 2006).

To accomplish faithful reprogramming with
just small molecules has long been seen as the
ultimate and ideal method to convert cells. Ac-
cordingly, large compound screens have been
performed to explore whether small molecules
can replace transcription factors. Indeed, these
efforts have led to several small molecules that
can boost reprogramming efficiency with small-
er groups of transcription factors (Ichida et al.
2009; Li et al. 2009b; Maherali and Hochedlin-
ger 2009). These efforts culminated in the ac-
complishment of reprogramming fibroblasts to
iPS cells exclusively with small molecules (Hou
et al. 2013). The efficiency of this method was
exceedingly low, however, and appeared not
practical for wider applications.

Inspired by these successes, scientists have
begun to explore small molecule-based repro-
gramming of other lineages. Indeed, a direct
conversion of fibroblasts into neuronal cells
was recently accomplished (Li et al. 2015).

REPROGRAMMING TOWARD NEURONAL
FATES

Neuronal cells are one of the most popular tar-
gets for transdifferentiation, owing to their lim-
ited supply and limited regeneration potential in
vivo and important relevance for obtaining ac-
cess to human cell disease modeling and poten-
tially cell regenerative approaches. Following the

discovery of iPS cells and lineage conversion
between closely related cells, the demonstration
that mouse fibroblasts can be directly converted
to functional neurons by Vierbuchen and col-
leagues was the first example that somatic cell
types can be reprogrammed even into distantly
related lineages, such as a lineage representing a
completely different germ layer. Following a sys-
tematic screen of 19 different transcription fac-
tors expressed in the neuronal lineage, induced
neuronal (iN) cells could be derived from fibro-
blasts using various transcription factor combi-
nations, most efficiently with the three factors
Ascl1, Brn2, andMyt1l (Vierbuchen et al. 2010).

iN cells were shown to express all tested pan-
neuronal markers, showing a typical neuronal
morphology and the two principal functional
properties of neurons, namely, the ability to gen-
erate action potentials and the formation func-
tional synapses with other neurons and among
each other. Only a year later, this finding was ex-
tended to human cells by various other groups
(Ambasudhan et al. 2011; Caiazzo et al. 2011;
Pang et al. 2011; Pfisterer et al. 2011; Yoo et al.
2011).

In addition to the transcription factors origi-
nallydescribed, itwas found thatmicroRNAsand
regulation of microRNA pathways can greatly fa-
cilitate conversion to iN cells (Ambasudhan et al.
2011; Yoo et al. 2011; Xue et al. 2013).

Ensuing work has explored different donor
cell types. Surprisingly, some cell types appeared
resistant and others permissive to reprogram-
ming, which correlated with a unique chromatin
configuration at the Ascl1 target genes (Marro et
al. 2011; Wapinski et al. 2013).

More recently, it was shown that even hu-
man adult peripheral blood mononuclear cells
as well as T lymphocytes can be also used to
generate induced neuronal cells, showing that
terminally differentiated, mature human cells
can be transdifferentiated into a distant lineage
efficiently (Tanabe et al. 2018).

One exciting application of neuronal lineage
reprogramming is in the in vivo conversion of
nonneuronal brain cells into neurons. Several
efforts have shown promising results and pro-
vided convincing evidence that indeed new neu-
rons can be formed in the adult brain by tran-
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scription factor-mediated conversion of various
nonneuronal cells such as astrocytes, oligoden-
drocyte progenitors, and pericytes (Arlotta et al.
2003; Rouaux et al. 2012; Guo et al. 2014; Falk-
ner et al. 2016; Qian et al. 2020; Tai et al. 2021).

INDUCING HEPATOCYTES

Generation of hepatocytes has long been of scien-
tific interest because of the large clinical need for
hepatocyte transplantation. Not surprisingly, he-
patocytes were thus another cell type rapidly
attempting to generate by transdifferentiation.
Soon after the description of iN cells in 2011,
two groups independently identified transcription
factor combinations to convert mouse fibroblasts
to inducedhepatocytes (iHeps) (Huanget al. 2011;
Sekiya and Suzuki 2011). Importantly, similar fac-
tors allowed to produce functional iHeps from
human fibroblasts (Huang et al. 2014). These hu-
man iHeps are already in clinical evaluation for ex
vivo application (Lim et al. 2016).

With regard to mechanism, the general con-
sensus is that the overexpression of Hnf4α and
Hnf1α in conjunction with Foxa1, 2, or 3 is suffi-
cient todrive the transdifferentiationoffibroblasts
intohepatocyte-likecells (Huangetal. 2014).This
process was further developed and refined by also
targeting the transcription factor Kdm2b, which
promotedgreaterconversionefficienciesaswell as
moreprominenthepatocyte features (Huanget al.
2011). Shen et al. (2003) successfully transdiffer-
entiated murine pancreatic cells into hepatocyte-
like cells using dexamethasone and oncostatinM,
which both play a role in activatingC/EBPs (Shen
et al. 2003; Huang et al. 2011; Sekiya and Suzuki
2011; Huang et al. 2014; Masserdotti et al. 2015;
Lim et al. 2016). These transdifferentiated cells
performedkeyhepatocyte functions, suchas stor-
ing glycogen and secreting albumin (Shen et al.
2003; Huang et al. 2011; Sekiya and Suzuki 2011;
Huang et al. 2014; Masserdotti et al. 2015; Lim
et al. 2016; Pan et al. 2016).

INDUCTION OF SKELETAL AND HEART
MYOCYTES

As alluded to earlier, the conversion of fibroblasts
to skeletal muscle cells by MyoD and other myo-

genic bHLH factors was one of the first examples
of lineage reprogramming induced by forced ex-
pression of exogenous factors (Davis et al. 1987).
Since then, both the mechanism as well as alter-
native reprogrammingmethods have been devel-
oped (Berkes et al. 2004; Conerly et al. 2016). For
instance, Chakraborty et al. (2014) used dCas9 to
create functional skeletalmyocytes by up-regulat-
ing endogenous MyoD in fibroblasts. The induc-
tion of MyoD was correlated with the up-regula-
tion of other skeletal myocyte protein markers,
and reprogrammed myocytes showed functional
properties. Unexpectedly, the CRISPR activation
approach yielded a higher percentage of Myod1+

and Myog+ cells, implying that the dCas9 system
resulted in a greater conversion efficiency (Bou-
laraoui et al. 2018). Boularaoui et al. (2018) inves-
tigated subjecting thefibroblasts toTGF-β inhibi-
tion, WNT-signaling activation, EGF, and IGF1,
all of which promoted a significant increase in
transdifferentiation efficiency and yield. Tissue
culture plastic coated with type I collagen, lami-
nin, or fibronectin also resulted in an increase in
transdifferentiation efficiency by promoting cell
proliferation,migration, and lineage specification
(Ginsberg et al. 2015; Qazi et al. 2015).

Perhaps of higher clinical relevance than
skeletal muscle cells are cardiomyocytes, given
that apart from infectious diseases, cardiovascu-
lar diseases are still one of the most frequent
causes of death. In 2012, two groups indepen-
dently reported the in vivo conversion of cardiac
fibroblasts into functional muscle cells (Inagawa
et al. 2012; Qian et al. 2012; Song et al. 2012).
Importantly, the treatments resulted in signifi-
cant clinical improvements following cardiac
ischemia showing improvement of muscle
strength on hypoxic tissue damage.

DIRECT REPROGRAMMING INTO
PANCREATIC CELLS

Exocrine pancreatic cells represent an attractive
source for potential transdifferentiation into in-
sulin-producing cells. Indeed, Zhou et al. (2008)
generated β-like cells in situ from nonendocrine
pancreatic cells by expressing three key tran-
scription factors encoded as adenoviruses in
mice. The reprogrammed cells resemble the
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shape, size, and ultrastructure of β cells. PCR
analysis revealed that they also express several
genes that are essential for β-cell functions, and
—most importantly—secreted insulin in a glu-
cose concentration-dependent manner into the
bloodstream (Zhou et al. 2008). In the following
work, Lemper et al. (2015) generated β-like cells
by transducing human adult exocrine cells with
lentiviral vectors coding for MAPK and STAT3.
MAPKandSTAT3overexpression causeda large
up-regulation in neurogenin 3, a transcription
factor that drives undifferentiated pancreatic
cells toward the β-cell lineage and up-regulates
many other endocrine markers (Zhou et al.
2008). Furthermore, culturing the cells in a 3D
matrix ofMatrigel increased the efficiency of the
transdifferentiation process, likely by increasing
cell–cell contact.When these cellswere engrafted
in immunocompromisedmice, they successfully
produced insulin and acquired select functions
of β cells, marked by the increased expression of
proteins vital to the regulation of blood glucose
levels (Zhou et al. 2008).

DIRECT REPROGRAMMING TOWARD
OTHER LINEAGES

Many more cell lineages have been targeted to
be generated by direct lineage reprogramming.
These include endothelial-like cells (ETVECs),
which were successfully generated from human
adult fibroblasts (HAFs) by lentiviral expression
of ETV2, a transcription factor responsible for
the early development of endothelial cells (Gins-
berg et al. 2015; Morita et al. 2015; Qazi et al.
2015; Lee et al. 2017). Cartilage injuries are com-
mon in athletes, difficult to treat, and therefore
another goal to generate by direct reprogram-
ming. Outani et al. (2013) generated induced
chondrogenic (iChon) cells from human dermal
fibroblasts (HDFs). Cell reprogramming using
transcription factors has also been successful in
generating hematopoietic stem progenitor-like
cells (HSPCs),whichhas a great potential to gen-
erate different bone marrow cell lineage. Direct
conversion efforts have further successfully gen-
eratedmultipotent neural progenitor cells, oligo-
dendrocyte progenitor cells, brown fat cells, and
even keratinocytes and many other cell types

(Kajimura et al. 2009; Lujan et al. 2012; Thier
et al. 2012; Najm et al. 2013; Pereira et al. 2013;
Yang et al. 2013; Riddell et al. 2014; Daniel et al.
2019; Zhao et al. 2020).

APPLICATIONS OF REPROGRAMMING

There are two main applications of reprogram-
ming: the cells’ use for regenerative medicine
purposes such as cell-based therapies and dis-
ease modeling. Both individual cells or engi-
neered three-dimensional tissues could be used
for these applications.

Regenerative Medicine

Transdifferentiation, that is, the conversion of
one somatic cell type into another somatic
cell type and reprogramming involving the in-
duction of iPS cells usually followed by differen-
tiation, allows the generation of cells that are ei-
ther not available for transplantation or the
alternative sources are logistically, ethically, or
technically inferior to cells obtained by repro-
gramming. For instance, as discussed above,
nuclear transfer has provided a first strategy to
potentially develop patient-derived pluripotent
stem cells. However, dozens if not hundreds of
human oocytes would be needed to generate nu-
clear transfer ES cells for each individual, which
represents a challenging logistic problem and,
in addition, raises ethical concerns, because the
only current methodology to obtain human oo-
cytes is from an otherwise healthy female donor
in reproductive age by an invasive procedure.
Therefore, soon after their discovery, iPS cells
were explored for a variety of clinical diseases.
The advantages are manifold: iPS cells can be
generated frommany different cell types includ-
ing readily accessible cells such as skin, urinary
epithelial cells, hair follicle cells, and blood cells.
Moreover, they can be generated from individu-
als of any age. Because of their stem cell proper-
ties, iPS cells have a virtually unlimited prolifer-
ation potential without losing their relevant
pluripotent features. Thus, in principle, any de-
sired number of cells can be generated in culture
and the only limitation is the availability of re-
sources. For many clinical applications, the abil-
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ity to scale donor cell grafts is critical for amean-
ingful clinical impact. Challenges associated
with the iPS cell reprogramming route are inher-
ently linked to the nature of iPS cells. Their plu-
ripotency represents an intriguing opportunity
but also a challenge, because in most cases, one
willwant to implant a defined, differentiated cell,
not amix of different cell types. Therefore, it will
be of utmost importance to devise strategies that
allow the differentiation of iPS cells into defined
somatic lineages in high purity. Similarly, their
strong cell proliferation capacity is an advantage
for scaling, but potentially dangerous after trans-
plantation as these cells when contaminating the
graft in too high concentrations can cause tumor
formation, again speaking for thenecessity touse
efficient differentiation that is devoid of contam-
inating undifferentiated cells. Finally, their ex-
pandability enables high yields but the cell
expansion involves DNA replication and no bio-
logical process is completely error-free. Therefore,
assessing genomic stability during iPS cell expan-
sionandtheoverall cellmanufacturingprocesswill
beacritical safetyparameter.Decisionswillhave to
bemadebasedon thekindofmutations foundand
whether they pose a safety risk following trans-
plantation. Certainly, one of the main categories
ofmutations thatwill have to be closelymonitored
and presumably excluded from any clinical cell
graft are known cancer-driving mutations.

One prominent example of a disease with a
long history of cell transplantation therapies is
Parkinson’s disease, the second most common
neurodegenerative disease. It has been one of the
main foci of regenerativemedicine efforts because
of the largelywell-characterized degeneration of a
specific dopaminergic neuron subpopulation in
the ventral midbrain. Thus, the replacement of
dopamine neurons is a very attractive idea. Since
the first proof-of-concept study that iPS cell–
derived dopamine neurons can rescue motor be-
havior in preclinical models, a large number of
groups have devoted efforts into the clinical ap-
plication (Dell’Annoetal. 2014;Barkeret al. 2017;
Barker andTRANSEUROConsortium2019;Doi
et al. 2020; Schweitzer et al. 2020; Parmar et al.
2021; Piao et al. 2021).

In addition to neurons, cell types targeted for
cell transplantation include oligodendrocytes, as-

trocytes, insulin-producing cells, hematopoietic
cells, hepatocytes, skeletal muscle cells, cardiac
muscle cells, skin cells, chondrocytes, and many
others (Barker et al. 2017; Barker and TRANS-
EUROConsortium2019;Doi et al. 2020; Schweit-
zer et al. 2020; Parmar et al. 2021; Piao et al. 2021).

Transdifferentiation typically results in rapid
intersomatic cell conversion with less cell prolif-
eration compared with iPS cell reprogramming.
Genomic stability may therefore be less of a con-
cern. However, on the flip side, potential donor
tissue may be harder to generate in large enough
quantities. One attractive application of transdif-
ferentiation is the conversion of cells in situ,
which may not require excessive cell expansion
and such “in vivo transdifferentiation”may have
large clinical effect sizes by converting large num-
bers of resident cells. A prominent example of
this approach has been shown in the heart. Car-
diac fibroblasts, which are numerous in the nor-
mal and diseased heart, have been successfully
transdifferentiated into induced cardiomyocytes
capable of improving cardiac function after a
myocardial infarction in murine models (Qian
et al. 2012). In other examples, there may not
even be a need for large numbers of therapeutic
cells. In another study, adenoviruses were used to
transdifferentiate Sox9+ cells, commonly found
in the small bile ducts around the liver, into in-
sulin-producing cells that were able to correct
features of diabetes in mice models (Banga et al.
2012).

Disease Modeling

Reprogramming and the generation of human
iPS cells has a potential to generate human cells
for disease modeling. Studying cell biology in
human cell models provides the advantage of
working with cells that possess the human ge-
netic background. Moreover, cells can be de-
rived from a variety of people including patients,
allowing the study of disease processes in the
correct genetic background. Many diseases
have been modeled using a variety of different
cell types (Zeltner and Studer 2015; Wu et al.
2016; Li and Izpisua Belmonte 2019).

Diseasemodeling applications can be accom-
plished following various principal approaches:

Somatic Lineage Reprogramming
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(1) cell types can be derived directly through
transdifferentiation; (2) patient and control sub-
ject donor cells can be first reprogrammed to iPS
cells, which in turn can be differentiated into the
cells of interest; (3) pluripotent stem cells can be
genetically engineered to contain a disease-asso-
ciated mutation and then compared with non-

engineered lines; and, finally, (4) a conditional
mutation can be engineered into one pluripotent
stem cell line, which allows for the generation of
mutant and control cells from one and the same
cell line (Saha and Jaenisch 2009; Dolmetsch and
Geschwind 2011; Passier et al. 2016; Hong et al.
2017; Engle et al. 2018; Sharma et al. 2020).

Table 1. Comparison of various reprogramming methods

Virus Method Advantages Disadvantages

Yes Conventional High efficiency Risk of insertional mutagenesis transgene
reactivation and residual expressionRetrovirus

Risk of presence of proviral genome
Can only be used in divided cells

Yes Lentivirus High efficiency Risk of insertional mutagenesis transgene
reactivation and residual expressionCan be used in both dividing

and nondividing cells Risk of presence of proviral genome
Yes Adenovirus No/small risk of integration Moderate efficiency

Need for repeated transductions
Risk of presence of viral particles

Yes Sendai virus High efficiency Risk of presence of viral particles
No viral integration

No Conventional and
episomal plasmids

No integration Very low efficiency
No viral particles Need for repeated transfections

No Minicircle Efficiency higher than
conventional plasmids

Low efficiency (lower than viral methods)
Need for repeated transfections

No integration
No viral particles
No bacterial backbone

No piggyBac transposon No viral particles Low efficiency
Possibility to excise transgenes

after reprogramming
Extra excision step
Not imprint-free
Risk of insertional mutagenesis transgene

reactivation and residual expression
Possible interactions between piggyBac

system and endogenous transposon
systems

No mRNA Very high efficiency Need for repeated transfections
Nontransgene, no integration Requires specified reprogramming media
No viral particles

No Protein Nontransgene, no integration,
no exogenous nucleic acids

Very low efficiency

No viral particles
No Small molecule

compounds
Nontransgene, no integration,

no exogenous nucleic acids
Extremely low efficiency

No viral particles
Moderate efficiency

No Direct transfection of
mature miRNA

Nontransgene, no integration, Low and inconsistent efficiency
No viral particles

H. Shelby et al.
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Tissue and Organ Engineering

The combination of stem cell differentiation, re-
programming, and tissue engineering provides a
powerful approach to generate human function-
al tissues and organs. Vessel formation is one
area of intensive investigation. Hong et al.
(2017) generated functional endothelial cells
from smooth muscle cells and seeded a decellu-
larized vascular graft with the original smooth
muscle cells on the exterior and the repro-
grammed endothelial cells on the interior.
When cultured in a bioreactor, the repro-
grammed endothelial cells formed a complete
monolayerand the surrounding layers of smooth
muscle cells maintained blood pressure and ves-
sel homeostasis, showing the graft’s ability to
emulate physiological vasculature (Metz et al.
2012).

Another example is research focusing on liv-
er tissue engineering and efforts to improve
functionality of hepatocytes to make them a
more viable option for use in humans. Liver
tissue engineering has been instrumental in im-
proving disease modeling such as to study viral
infections (Bhatia et al. 2014).

A related approach that relies on the remark-
able properties of early embryonic-like cell types
to self-pattern is the use of organoid cultures.
Working with pluripotent stem cells, Yoshiki
Sasai had shown that entire optical eye cap struc-
tures can spontaneously form by self-organiza-
tion without the need to specifically construct
the tissue by engineering (Sasai et al. 2008,
2012). This concept has been embraced by the
scientific community and organoid cultures
have now not only applied to neural tissue but
extended tomany other tissues (Sasai et al. 2008,
2012; Eiraku et al. 2011; Chiaradia and Lancas-
ter 2020; Iwasawa andTakebe 2021;Marsee et al.
2021).

Finally, reprogramming and stem cell biol-
ogy can be used to generate entire organs from
patient-derived cells. Owing to their pluripo-
tency, iPS cells can be injected into blastocysts
and contribute to organ and tissue development.
To translate to human organs, iPS cells will have
to be injected into blastocysts from other spe-
cies. The Nakauchi group provided the first

proof-of-concept result and reported that it is
possible to generate an entire rat pancreas in
mice (Kobayashi et al. 2010). Following this
work, several other organs or tissues have been
successfully generated in this manner (Kobaya-
shi et al. 2010; Usui et al. 2012; Rashid et al.
2014; Yamaguchi et al. 2017; Hamanaka et al.
2018; Mori et al. 2019; Kobayashi et al. 2021;
Nishimura et al. 2021).

CONCLUDING REMARKS AND
OUTLOOK

The field of reprogramming and pluripotent
stem cells has provided a completely new area
of investigation both for mechanistic insights
into lineage specification and important appli-
cations for modeling disease and potentially
treating disease. Reprogramming technologies
have added a new and complementary approach
to existing animal models and provides a rich
source for new scientific endeavors. As the con-
trol over cell-type specification and maturation
improves and tissue engineering is more inte-
grated into reprogrammed human cell models,
more complex scientific questions will become
addressable. The potential of human repro-
gramming for cell-based therapies has just be-
gun to be realized and there is no question that
this area will witness a large growth in various
applications (see Tables 1 and 2; Grath and Dai
2019).
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