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In some situations, the pig has advantages over the mouse as a model
in biomedical research. The availability of pluripotent cell lines is likely
to broaden this appeal. Here we review progress in the derivation and
characterization of embryonic stem cells (ESC) and induced pluripotent
lines (iPSC) from pigs. Until recently, most porcine ESC failed to meet
the full criteria for pluripotency, but that may be changing as more
becomes known about the culture conditions required to maintain epiblast
outgrowths from early porcine conceptuses in an undifferentiated, self-
renewing state. In addition, porcine iPSC cells have been generated,
some with the features of FGF2-dependent epiblast-type cells, typified by
human ESC, and others that require LIF and resemble the “ground state”,
naive-type mouse ESC. Despite these successes, incomplete reprogramming
and loss of pluripotency when selection conditions are relaxed continue
to be problems that must be overcome if the full potential of iPSC is to
be realized. The most immediate value of iPSC may relate to their ability
to proliferate almost indefinitely in culture, thus enabling more complex
genetic manipulations of the genome through growth selection than could
be performed in other cell types. The “undifferentiated” state of iPSC
may also allow improved cloning efficiency, although this remains to be
proved. Finally, the pig will likely prove useful in testing stem cell-based
therapies, although only a limited number of experiments demonstrating
that the porcine iPSC can be directed to transform into more specialized
sub-lineages and then form functional grafts have been performed.

Embryonic stem cells (ESC) from swine

The pursuit of ESC from swine has a long history originating back to the early 1990s (Notarianni
et al. 1990), a time not long after the introduction of mouse ESC, which had first been reported
earlier in the decade (Evans & Kaufman 1981, Martin 1981). Since their establishment, mouse
ESC began to revolutionize developmental genetics by permitting changes, usually loss-of-
function mutations, but later a variety of other modifications, to be introduced at preselected
genetic loci in the mouse genome through homologous recombination (Capecchi 1989, Koller
& Smithies 1992). In this regard, mouse ESC exhibited three crucial properties. First, they
were able to differentiate into derivatives of all three germ layers (ectoderm, endoderm, and
mesoderm) within embryoid bodies and teratomas. Second, their more-or-less infinite lifespan
provided the extended times required for positive and negative selection to ensure that a
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mutation had been introduced at the correct gene locus. Finally, mouse ESC had the ability,
after genetic modification, to colonize the inner cell mass of the blastocyst, thereby giving rise
to chimeras, and, at a frequency that was mouse strain-dependent, contributing to the gonads
and gametes of any offspring born.

Undoubtedly, one impetus for the early attempts to generate porcine ESC was for the same
purpose, namely to use the cells to introduce precisely delivered genetic changes into pigs. Yet,
this was not to be. Cell lines with some features of ESC were derived from porcine blastocysts
(Wheeler 1994, Chen et al. 1999, Li et al. 2003) and particularly embryonic germ cells (Shim et
al. 1997, Piedrahita et al. 1998, Rui et al. 2004). Some of these cells were also able contribute
to F1 generation chimeras, although not to the germ line (Shim et al. 1997, Piedrahita et al.
1998, Chen et al. 1999, Mueller et al. 1999, Rui et al. 2004, Vassiliev et al. 2010). For the
most part, however, the cell lines did not meet the full criteria for pluripotency that had been
demonstrated by their mouse homologs (Brevini et al. 2007, Vackova et al. 2007, Talbot &
Blomberg le 2008). One reason for these difficulties was almost certainly the unsuitability of
the growth media needed to support the cells and the reliance on growth factors whose use was
adopted from studies on rodent and primate cells. It is also clear from mouse studies that not
all strains are equally competent to give rise to ESC from embryo outgrowths. Pigs and other
ungulates may fall within such a similarly “difficult” category. It is also likely that investigators
felt that the investment in time and funds to generate chimeras initially and the subsequent F2
heterozygotes and F3 homozygotes was a daunting task. Nevertheless, recent reports indicate
that the production of genuine porcine ESC may be within reach (Alberio et al. 2010, Aller
et al. 2010, Vassiliev et al. 2011, Wolf et al. 2011, Alberio & Perez 2012, Haraguchi et al.
2012, Tan et al. 2012), particularly if the ESC are generated from epiblast cells of slightly older
conceptuses rather than the ICM of early stage blastocysts (Alberio & Perez 2012).

Induced pluripotent stem cells (iPSC) from swine

As discussed above, derivation of ESC from pigs and other livestock became a potentially
important consideration because it offered an attractive alternative to pronuclear injection
as a means for creating genetically modified animals. The discovery that somatic cells from
mice (Takahashi & Yamanaka 2006) and later, humans (Takahashi et al. 2007, Yu et al. 2007),
could be re-programmed to pluripotent cells by introducing a limited set of genes, made iPSC
possible surrogates for ESC in this regard. The first iPSC from the pig were reported in 2009
(Esteban et al. 2009, Ezashi et al. 2009, Wu et al. 2009). In general, similar approaches were
employed for porcine cells as had been applied to mouse and human cells (Table 1). Somatic
cells, usually fibroblasts, were transfected with either lentiviral or retroviral vectors carrying
standard “Yamanaka factors” transgenes (PSKM in Table 1). As with the mouse and human
iPSC that preceded them, colonies formed, albeit inefficiently, and could be picked as clonal
lines within 2-4 weeks. These colonies were compact and relatively flattened and resembled
human ESC and iPSC in morphology (Fig. 1A) rather than analogous stem cells from mouse.
They expressed the expected porcine genes indicative of pluripotent stem cells, and, similar to
the human ESC and iPSC, they were dependent for maintenance of pluripotency on basic FGF
(FGF2) and ACTIVIN/NODAL/TGFB signaling (Alberio et al. 2010) rather than LIF. These pig
iPSC were, therefore, of the epiblast, sometimes called the primed (see Table 1) type rather than
the naive type, which are classically derived from the inner cell mass. The latter form smaller,
dome shaped, colonies, depend on LIF/STAT signaling, and can be dissociated readily into
single cells by trypsin, features that we explore further below. The epiblast/primed phenotype
seen with pig iPSC is a major shortcoming, as porcine iPSC, like human ESC and iPSC, tend to
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Table 1. Summary of pluripotent cell types, derivation methods and culture conditions for porcine iPSC

Cell type  Delivery method (R~ Medium components and feeder cells References
factors)
EpiSC Viral (PSKM) FBS/DMEM, FGF2 or LIF on MEF (Esteban et al. 2009)
EpiSC Viral (PSKM) KSR/DF12, hFGF2 on MEF (Ezashi et al. 2009), (Wu et

al. 2009)*, (West et al. 2010),
(Yang et al. 2012), (Gu et al.
2012)**, (Hall et al. 2012)**

EpiSC Plasmid or Viral Mix (1:1) of human ESC medium and mouse (Montserrat et al. 2011),
(PSKM) ESC medium on MEF (Montserrat et al. 2012) (SKM)
EpiSC Sleeping Beauty (PSKM) KSR/DF12, FGF2 on MEF or SNL (Kues et al. 2012)
transposon
Naive Plasmid, (PSKMNLT)  KSR/DF12, hLIF, 2 inhibitors (PD/CH) on (Telugu et al. 2010)
MEF
Naive Viral (PK) KSR/DF12, hLIF, 2 inhibitors (KP/CH) on (Telugu et al. 2011)
MEF
Naive Viral (PSKM) KSR/DMEM, hLIF on SNL (Thomson et al. 2012)**
Naive Viral (PSKM) FBS/DMEM, FGF2, LIF on MEF (Cheng et al. 2012)
Naive Viral (PSKM) FBS/DMEM, pLIF, FK (Fujishiro et al. 2012)
Naive Viral (PK) FBS or KSR/DF12, hLIF, 5 inhibitors (NaB, (Liu et al. 2012)
SB, PD, FK, CH) on MEF
Naive Viral (PSKM) FBS + mLIF [generation] then mLIF, (Rodriguez et al. 2013)

3 inhibitors (PD/CH/PD1) in N2B27
[maintenance] on MEF

unclear Oocyte extracts unclear (described only as “ES medium”) (Bui et al. 2012)

EpiSC are epiblast (also known as “primed”) type pluripotent stem cells); Naive are iPSC with a phenotype similar
in phenotype to the authentic ESC derived from the ICM of mice.

*: FGF2 was not included. **: knockout DMEM, R factors: reprogramming factors, P: POU5F1 (OCT4), S: SOX2,
K: KLF4, M: cMYC, N: NANOG, L: LIN28, T: T-antigen, FBS: Fetal Bovine Serum, DMEM: Dulbecco’s Modified
Eagle’s Medium, DF12: DMEM/Nutrient Mixture F-12, MEF: mouse embryonic fibroblasts, SNL: STO fibroblasts
stably transfected with mLIF expression vector, KSR: knockout serum replacement, h: human, m: mouse, p: porcine,
LIF: Leukemia Inhibitory Factor, FGF2: Basic fibroblast growth factor, PD: PD0325901, CH: CHIR99021, PD1:
PD173074, KP: Kenpaullone, NaB: sodium butylate, SB: SB43152, FK: forskolin

die when dissociated into single cells and are usually propagated as clumps. They also grow
more slowly than ICM-derived mouse ESC and exhibit poorer plating and freezing efficiencies.

Since the original reports in 2009, several more porcine iPSC cell lines have been
described, including ones created with non-integrating vectors (Telugu et al. 2010) and
different combinations of reprogramming genes (Table 1). Other than some inconsistencies
in the relative presence of certain cell surface carbohydrate antigens, e.g. SSEAT, 3, & 4, the
general phenotypes of the epiblast-type lines so far described are quite similar. They have
been demonstrated to be pluripotent, as evidenced by their ability to differentiate into tissue
types reflective of the three germ layers within either embryoid bodies or teratomas, and to
survive extended numbers of cell doublings without demonstrating senescence. As discussed
later, there have only been limited studies on directed differentiation towards specific kinds of
tissues and whether they can become integrated into chimeras, topics discussed in later sections
below. However, directed differentiation has been achieved in only a limited number of cases
by applying protocols adopted from studies with human ESC and iPSC (Table 2).
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Fig. 1. Typical morphological features of three types of porcine iPSC (A) A colony of porcine iPSC
reprogrammed fibroblasts with four factors (POU5F 1, SOX2, KLF4 and cMYC) through lentivial transduction
and FGF2 supplemented medium on a feeder layer of mouse embryonic fibroblasts (MEF) (Ezashi et al
2009). (B) Colonies of naive-type porcine iPSC reprogrammed fibroblasts with seven factors delivered
through episomal plasmids and selected on Leukemia Inhibitory Factor (LIF)-based, 2i medium on MEF
feeders (Telugu et al 2010). (C) Colonies of naive-type porcine iPSC cells derived from the inner cell mass
of porcine blastocysts re-programmed by delivery of two factors (POU5F1 and KLF4) by using lentiviral
transduction and LIF-based, 2i medium. The image is of cells maintained under feeder free condition
(Telugu et al 2011). All bars, 0.2 mm.

Table 2. Directed differentiations of piPSC

Target cell type Evaluation Transplantation Reference

rod photoreceptor RT-PCR, immunostaining, subretinal space of (Zhou et al.
integration and projections into  pig eyes 2011)
the retina

neural differentiation (motor neuron,  RT-PCR, immunostaining NA (Yang et al.

astrocyte, oligodendrocyte) 2012)

endotherial cells echocardiography, MRI, mice with myocardial (Gu et al. 2012)
paracrine factors infarction

neuronal ectoderm, pancreatic cell, immunostaining NA (Bui et al. 2012)

cardiomyocyte/endotherial cell

Naive versus epiblast-type stem cells

The observation that human ESC obtained from ICM outgrowths differed in morphology, growth
factor requirements, and other aspects of their phenotype from ICM-derived mouse ESC raised
questions about the nature of pluripotency and the gene networks that supported it. This puzzle
was partially addressed after a different kind of mouse ESC was produced from the epiblast of
gastrulation-stage mouse conceptuses (Brons et al. 2007, Tesar et al. 2007). This new variety
of mouse ESC resembled human ESC in colony morphology, required activin A and FGF2
rather than LIF, and has been called “primed” or epiblast stem cell (EpiSC) (Nichols & Smith
2009, Hanna et al. 2010b). Mouse EpiSC and naive ESC can be inter-converted by adjusting
signaling networks through use of inhibitors and growth factor selection on LIF-containing
versus FGF2-containing media (Bao et al. 2009, Greber et al. 2010, Hanna et al. 2010a, Xu
et al. 2010). Together, these data confirmed that the two pluripotent states are distinct and
respond differently to directing stimuli.

From the point of view of their utility as experimental models, naive cells may have certain
advantages over EpiSC. They exhibit among the highest rate of in vitro proliferation of any known
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mammalian cell, tend not to differentiate spontaneously (a frequent problem with EpiSC), can be
dissociated into single cells without undergoing apoptosis, and can be efficiently cryopreserved.
Finally, they are competent for producing germ-line chimeras, whereas mouse EpiSC are not
(Brons et al. 2007, Tesar et al. 2007). On the other hand, there are reports of production of
chimeric offspring from EpiSC in pigs (West et al. 2010, West et al. 2011), an observation that
is somewhat surprising in view of the data from mice and the fact that EpiSC only survive well
as clumps, which cannot be injected readily into embryos. It should be stressed that chimera
formation may not in itself be an adequate criterion for defining the naive pluripotent state
because porcine EpiSC type of iPSC (West et al. 2010, West et al. 2011) and primitive mouse
neural stem cells (Clarke et al. 2000, Karpowicz et al. 2007) can contribute to embryogenesis
after introduction into pre-implantation conceptuses.

As a result of the limitations of EpiSC, there has been a recent focus on producing naive
type cells from this species (Table 1) by making use of approaches that led to the successful
isolation of naive type ESC from rat (Buehr et al. 2008, Li et al. 2008) and “difficult” strains of
mouse (Hanna et al. 2009). The strategy has generally been to select cells after transduction
with reprogramming vectors on a LIF-based medium in presence of various pharmacological
agents that differentially inhibit or activate signaling pathways that distinguish naive from
EpiSC. For example CHIR99021 (CH) activates the WNT signaling pathway and bye-passes
MYC function, while kenpaullone (KP) appears to enhance the action of endogenous KLF4, a
transcription factor that is poorly expressed in porcine epiblast-type iPSC (Telugu et al. 2010,
Telugu et al. 2011). Others have incorporated PD0325901 into their mix of selection agents
to inhibit ERK-mediated pathways (Huang et al. 2011) and forskolin (FK) to induce KLF4
and KLF2 expression (Hanna et al. 2010a). While some naive type porcine iPSCs have been
generated and maintained with two (Telugu et al. 2011, Ezashi et al. 2012) or more (Liu et al.
2012, Rodriguez et al. 2012) pharmacological agents present (Fig. 1B, C), such a cocktail of
inhibitors may be dispensable (Fujishiro et al. 2013, Thomson et al. 2012). Instead, the crucial
component of the medium may be LIF itself, with the porcine protein being more effective than
its human or mouse homologues (Fujishiro et al. 2013).

As shown in Table 1, various reprogramming and culture conditions have been used to
generate porcine iPSC, but a lack of silencing of the exogenous transgenes has invariably been
observed, despite the concomitant up-regulation of endogenous pluripotency markers. Other
indicators of complete re-programming, for example reactivation of X chromosome in female
cells (Fujishiro et al. 2013) has generally not been pursued. Incompletely reprogrammed iPS cells
(pre-iPSC) are hypothesized to maintain expression of exogenous transgenes with insufficient
expression of endogenous pluripotent genes (Silva et al. 2008). In addition, down regulation
of the ectopically-introduced transgenes, e.g., by tetracycline withdrawal for Tet-inducible
expression vectors, often appears to lead to the loss of ESC-like phenotype (Wu et al. 2009,
Chen et al. 2013). The presence of FBS in the culture medium used in the reprogramming stage
has been implicated in favoring pre-iPSC in mice (Chen et al. 2013), because it contains growth
factors of the BMP family that cause alterations of H3K9 methyltransferase and demethylase
activities. The alternative use of Dulbecco's Modified Eagle's Medium (DMEM) supplemented
with knockout serum replacement (KSR) medium (named iSF1) (Chen et al. 2010) improves the
efficiency of “true” iPSC generation (Chen et al. 2013). Of course, findings from mouse cells
may not be applicable to improving reprogramming condition for porcine iPSC, but it seems
possible that the differences of DNA methylation status of the endogenous POU5F 1 promoter
observed between porcine iPSC reprogrammed in KSR (Wu et al. 2009) and FBS (Fujishiro et
al. 2013) -supplemented media is due to FBS interference with re-programming in the latter.
It will require further research to determine the ideal culture conditions in which to generate
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and then maintain a stable pluripotent status of porcine iPSC and ESC and whether or not these
cells demonstrate the features that have made mouse ESC of the naive type so useful.

Potential utility of iPSC from swine

a) Genetic Modification

As discussed earlier the mouse has come to dominate the field of mammalian genetics and
specifically genetic modification to study gene function and provide disease models. A major
disadvantage of mouse models, however, is that they often fail to recapitulate particular human
disease phenotypes. This problem has prompted the use of larger animals, including the pig,
which is often a better model than the mouse because of its larger size, longer life span, and
a host of physiological and anatomical parameters that resemble those of humans better than
rodents.

Genetic modification in swine has proceeded quite rapidly over the last decade (Matsunari
& Nagashima 2009, Whyte & Prather 2011, Staunstrup et al. 2012), especially because of the
viewed potential of pigs for providing organs for xenotransplantation (Klymiuk et al. 2010) and
as models for studying the pathophysiology of human diseases, such as cystic fibrosis (Rogers
et al. 2008), where mice fail to develop the relevant symptoms encountered in human patients.
Ironically, few of these modifications, with the possible exception of swine expressing salivary
phytase (Golovan et al. 2001), have made a contribution to agriculture. Moreover, to date,
neither porcine ES like cells nor iPSC have been used to engineer any of the targeted gene loci.
Instead investigators have resorted to somatic cells, usually fetal fibroblasts, which can be used
for this purpose provided that the desired genetic change can be selected before the founder
cells senesce. One weakness of somatic cells is that they are not pluripotent and cannot be
employed to generate chimeric offspring. Instead, the nuclei of such cells are employed as
donors in somatic cell nuclear transfer (SCNT) to create cloned, founder animals carrying one
copy of the mutant gene. The hope is that pluripotent cells could have advantages over somatic
cells for SCNT, because they are able to proliferate almost indefinitely, thus enabling more
complex genetic changes to be performed. Additionally, their “undifferentiated” state may allow
efficient reprogramming in the oocyte cytoplasm, hence improving livestock cloning efficiency,
in general. Such possibilities have yet to be fully tested, but a recent report suggests that they
may be poorer nuclear donors than embryonic fibroblasts unless the continued expression of
the reprogramming transgenes can be silenced (Fan et al. 2013).

b) Differentiation

It is clear from the earlier discussion (see Table 1) that all the porcine iPSC so far described are
pluripotent by the two most commonly used criteria, namely an ability to form embryoid bodies
and teratomas that contain tissue types representing the three main germ layers. In a few cases,
iPSC seem capable of contributing to chimeras (West et al. 2010, Fujishiro et al. 2013). There
have been only a limited numbers of experiments demonstrating that the cells can be directed
in vitro to transform into more specialized sub-lineages that might be tested for ability to form
functional grafts in pigs. In one example, primed type iPSCs derived from pig fetal fibroblasts
(Ezashi et al. 2009) were directed along the ectoderm lineage to form a mixture of cells that
included rod photoreceptor lineage cells (Zhou et al. 2011). These cells when injected into
the eye were able to integrate into the retina, differentiate into photoreceptors, and generate
outer segment-like projections (Zhou et al. 2011) (Table 2). A limited number of other papers
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have demonstrated analogous directed differentiation in vitro (Bui et al. 2012, Yang et al. 2012)
(Table 2), but the work so far has, in general, been very limited in scope.

c) Efficacy and Safety models for tissue regeneration

Swine have had an importantrole in biomedical research for decades (Swindle 2007), particularly
to study cardiovascular disease, atherosclerosis, obesity and lipoprotein metabolism, wound
and burn repair, intestine and immune system development. As a large animal model, the pig
has several potential advantages over the mouse for predicting whether or not stem cell-based
therapy is likely to be safe when considering outcomes, such as toxicity, immune responses,
migration of cells to out of target sites, and tumorigenicity. They can also be used to explore
surgical techniques and cell delivery procedures, and for optimizing the number and type of
cells to be used for a particular type of graft. Pigs have already been treated with a variety
of “adult” stem cells to determine whether cardiac function can be improved after induced
ischemia (Amado et al. 2006, Gandolfi et al. 2011, Mazhari & Hare 2012). Although positive
outcomes have been reported, the precise mechanisms whereby amelioration is accomplished
remains unclear. Recently, pig iPSC, after conversion to endothelial cell precursors, have been
successfully transplanted into mice with myocardial infarctions and appeared to promote
neovascularization in the ischemic regions (Gu et al. 2012) (Table 2). Presumably, the next
step will be to test pigs by comparable procedures and confirm the budding potential of the
iPSC approach.
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