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ABSTRACT

Embryonic stem cells (ESCs) have the potential to provide unlimited cells and tissues for regenerative
medicine. ESCs derived from fertilized embryos, however, will most likely be rejected by a patient’s
immune systemunless appropriately immunomatched. Pluripotent stemcells (PSCs) genetically iden-
tical to a patient can nowbe established by reprogramming of somatic cells. However, practical appli-
cations of PSCs for personalized therapies are projected to be unfeasible because of the enormous
cost and time required to produce clinical-grade cells for each patient. ESCs derived from partheno-
genetic embryos (pESCs) that are homozygous for human leukocyte antigens may serve as an attrac-
tive alternative for immunomatched therapies for a large population of patients. In this study, we
describe the biology and genetic nature of mammalian parthenogenesis and review potential advan-
tages and limitations of pESCs for cell-based therapies. STEMCELLS TRANSLATIONALMEDICINE 2014;
3:290–298

INTRODUCTION

The potential of pluripotent stem cells (PSCs) for
regenerative medicine is virtually unlimited be-
cause of their capacity for extensive propagation
in anundifferentiated state and their ability to de-
velop intoany cell typeof thebody.During in vitro
culture, PSCs rapidly proliferate and self-renew,
allowing the generation of sufficient quantities
of vital cells that could one day provide treat-
ments for many incurable diseases. Parentheti-
cally, although ongoing clinical trials in the U.S.
involve predominately somatic or adult origin
stem cells, testing the safety and therapeutic ef-
ficacy of PSC-derived cells has begun. Food and
Drug Administration-approved clinical trials using
embryonic stem cells (ESCs) derived from in vitro
fertilized (IVF) embryos currently involve the
treatment of macular degeneration [1, 2]. Be-
cause ESCs are genetically divergent and most
likely different from potential patients, their cur-
rent uses are restricted to immune privileged
areas such as the central nervous system or the
eye to minimize rejection of transplanted cells
[3]. In addition to ESCs, there are three other
PSC types that may provide histocompatible cells
for regenerative medicine: ESCs derived by so-
matic cell nuclear transfer (SCNT), induced plurip-
otent stem cells (iPSCs), and ESCs derived by
parthenogenesis (pESCs). Extensive research in
recent years has addressed the biological and
therapeutic properties of ESCs and iPSCs with

details of their derivation and pluripotent char-
acteristics well covered in numerous reviews
[4–7]. Human ESCs produced by SCNT were also
recently described, and research defining their
genetic, epigenetic, and transcriptional proper-
ties is ongoing [8]. Moreover, iPSCs may soon
enter the clinical trial arena in Japan [9]. Despite
the enormous incentive to find the best PSC type
for clinical applications, pESCs derived from
parthenogenetic embryos have been largely ig-
nored and relatively little information is avail-
able concerning the origin as well as the genetic
and epigenetic makeup of this class of PSCs. The
aim of this review is to revisit mammalian parthe-
nogenesis, describe the unique genetic and epige-
netic features of pESCs, and highlight advantages
and disadvantages of pESCs for regenerative
medicine.

MAMMALIAN PARTHENOGENESIS: THE
UNDERSTUDIED PHENOMENON

Parthenogenesis (Greek for “virgin birth”) is
a form of asexual, uniparental (maternal) repro-
duction, characteristic of some jawed vertebrate
species but not of mammals [10]. Some notable
examples include the all-female, obligate parthe-
nogenetic whiptail lizard, Aspidoscelis uniparens
[11], and the virgin birth of a hammerhead shark
in captivity [10]. Despite the absence of complete
parthenogenesis in mammals, in rare but natural
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instances, or by deliberate manipulation, early parthenote devel-
opment has been observed.

Normally during maturation, preovulatory mammalian
oocytes will reach and remain arrested at metaphase of meiosis
II (MII) and subsequent sperm penetration triggers the resump-
tion of meiosis in the oviduct. High levels of maturation-
promoting factor (MPF) and a cytostatic factor (CSF)maintain this
M-phase arrest. Sperm-induced activation of the MII oocyte is
effected throughphospholipaseC (PLC-z) andan increase in intra-
cellular calcium levels [12]. Depending on the species, cytosolic
calcium release and reuptake fluctuations will oscillate at a spe-
cific amplitude, frequency, and length of time as long as PLC-z is
present. Calcium/Calmodulin-dependent protein kinase II cande-
code oscillating calcium signals and activate downstream mech-
anisms that inhibit MPF and CSF [13]. These events lead to the
resumption of meiosis and the segregation of a set of sister chro-
matids into a second polar body, rendering the oocyte haploid
[14] (Fig. 1A). Normal fertilization is completed when sperm
and oocyte haploid chromosomes finally join to form a diploid zy-
gote.UnfertilizedMII oocytes fromcertainmammalsare sensitive
to mechanical or physical stimuli, whereby simple pressure, os-
molarity flux, or temperature change can cause spontaneous ac-
tivation, resulting in meiotic resumption and parthenogenetic
development [15, 16].

Oocyte activation is of relevance to cloning by SCNT, a proce-
dure in which the MII oocyte’s chromosomes are removed
mechanically and replaced by a diploid somatic cell nucleus. Be-
cause SCNT embryos do not require fertilization by sperm, an ar-
tificial means of activation is crucial to release the oocyte
cytoplasm from meiotic arrest and initiate cell division. Sophisti-
catedmethods of inducing artificial oocyte activation are vital for
SCNT research [8] and have consequently yielded successful pro-
tocols for artificial parthenogenetic activation thatmimic natural,
sperm-induced activation and result in efficient preimplantation
development [17–19]. To experimentally imitate intracellular cal-
cium oscillations, oocytes are electroporated in calcium-
containing medium or exposed to calcium ionophore or ionomy-
cin. Such calcium treatments induce an initial decline in meiotic
kinase activities; however, MPF can quickly recover, causing
the oocyte to enter another meiotic arrest known as metaphase
III [20]. Therefore, to maintain inactivation of meiotic kinases,
protocols require additional treatmentswith either broadprotein
synthesis or kinase inhibitors such as cycloheximide, 6-dimethy-
laminopurine (6-DMAP), or roscovitine [18].

During artificial activation of intact MII oocytes, exposure to
broad protein synthesis inhibitors, such as 6-DMAP, interferes
with the segregation ofmeiotic chromosomes by blocking cytoki-
nesis and extrusion of the second polar body. As a result, the ac-
tivated oocyte retains the genetic material of the second polar
body, forming a pseudodiploid parthenogenetic embryo. In this
scenario, the sister chromatids segregate but remain within the
oocyte as a pair of homologous chromosomes (Fig. 1B). Such dip-
loid oocytes then enter mitotic divisions and develop into blasto-
cysts at rates similar to their fertilized counterparts [18]. Initially it
was anticipated that such diploid parthenogenetic embryos
would exhibit high levels of genomic homozygosity because each
pair of homologous chromosomes are, in fact, sister chromatids.
However, because of meiotic recombination between parental
homologous chromosomes during prophase I, sister chromatids
can carry different alleles. Indeed genetic analysis of single-
nucleotide polymorphisms (SNPs) andmicrosatellite loci in pESCs

reveals that the frequency of such allelic exchange in the female
germline is remarkably high. Heterozygosity levels in nonhuman
primate pESCs may reach 64% [17]. The remaining homozygous
loci are primarily located in heterochromatic pericentromeric
and telomeric regions that experience lower chances of crossover
[21, 22]. Thus, parthenogenetic activation that precludes second
polar body extrusion results in the development of diploid, het-
erozygous embryos and pESCs.

Alternatively, activation treatments may not interfere with
the completion of meiosis and separation of the second polar
body. In the mouse, such embryos can also undergo preimplan-
tation development and support the derivation of haploid pESCs
[23, 24] (Fig. 1C). Haploid pESCs can be sorted andmaintained for
many passages and be used for forward and reverse genetic
screening [23, 25] or as a model for the study of germ cells. Sur-
prisingly, epigenetically distinct, haploid androgenetic pESCs
(established by removing an oocyte’s MII chromosome and then
inserting a single sperm) can be injected into and “fertilize” a MII
oocyte to generate genetically modified mice [26, 27].

More often, initially haploid parthenogenetic zygotes de-
velop into diploid embryos inwhich diploid pESCs can later be de-
rived. Although themechanism remains largely unknown, there is
a point during earlymitotic divisions inwhich the haploid genome
duplicates without undergoing cell division in a process referred
to as endoreplication [25] or endoreduplication [28] (Fig. 1D). In
this scenario the resulting diploid parthenogenetic embryo exhib-
its a completely homozygous genome [29]. In some cases during
natural conception or in vitro fertilization, sperm activates a MII
oocyte but fails to contribute genetic material. Such oocytes un-
dergo normal completion of meiosis and form a haploid zygote
that subsequently develops into a diploid parthenogenetic em-
bryo [29, 30].

A simplified diagram demonstrating these different genetic
outcomes of parthenogenesis is depicted in Figure 1.

DEVELOPMENTAL POTENTIAL OF PARTHENOGENETIC EMBRYOS

AND PESCS

Parthenotes frommost mammalian species are capable of devel-
oping into blastocysts at rates comparable to fertilized embryos.
Following transfer into recipients, mouse parthenotes can also
implant and reach day E9.5 of development, the forelimb stage
[31–34]. However, parthenogenetic fetuses cease development
because of abnormal placental formation and other anomalies
[35]. To further evaluate thedevelopmental capacity ofpartheno-
genetic cells, normal mouse embryos have been aggregated with
either parthenogenetic embryos or cultured pESCs to generate
chimeras.

When parthenogenetic embryoswere combinedwith normal
embryos, the resultant chimeras exhibited fetal growth abnor-
malities and a selection against parthenogenetic cells in certain
tissues, notably in the mesoderm and endoderm lineages, with
a particular loss in skeletal muscle [36, 37]. In earlier studies,
pESCs contributed to developmentally normal, germline chime-
ras with low distribution in the skeletal muscle, testes, and hypo-
thalamus but high presence in the cortex, striatum, and
hippocampus of the brain [36, 38]. However, recent improve-
ments inESCderivation, culture, andchimeraassayshaveallowed
the production of developmentally normal pESC chimeras dis-
playinganevendistributionof pESCprogeny throughout thebody
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[25, 28, 39]. Notably, maintaining chimera-competent mouse
ESCs and pESCs can be significantly aided by culture with
mitogen-activated kinase and glycogen synthase kinase 3 inhib-
itors [28, 39].

Moreover, an entirely pESC-derived live pup has been born
through tetraploid embryo complementation [39], a chimera
technique in which a host tetraploid blastocyst only supplies
the extraembryonic tissues. In such chimeras, pESCs are forced
to form an entire body of offspring. Tetraploid complementation
is considered the most stringent test for pluripotency as it dem-
onstrates the ability of pESCs alone to produce an entire mouse
[40].

In humans, a clinical case of amale child carrying parthenoge-
netic cells hasbeen reported [41]. Thepatientwasdiagnosedwith
mild developmental abnormalities, hemifacial microsomy, and

signs of sex reversal. Genetic analysis detected chimerism in skin
fibroblasts and peripheral blood leukocytes consisting of normal
biparental (46,XY) andparthenogenetic (46,XX) cells. Thepossible
origin of such chimerism is unclear but could result from incom-
plete meiosis after fertilization and retention of the genetic ma-
terial from the second polar body. In this scenario, a zygote may
form three pronuclei. During the first mitotic division, a male and
one female pronucleus partition into one blastomere, whereas
the second female pronucleus segregates into the other blasto-
mere. The diploid blastomere gives rise to normal biparental (46,
XY) cells, whereas the haploid blastomere undergoes endoredupli-
cation during early cleavage to produce diploid parthenogenetic
(46,XX) cells. It is likely that the presence of parthenogenetic cells
was responsible for the growth abnormalities observed in the pa-
tient. More often cases of human parthenogenesis are uncovered

Figure 1. Meiosis and zygosity outcomes during parthenogenesis. (A):Normal fertilization with sperm. During the prophase I of meiosis I, the
two parental chromosomes (depicted as white and black), each containing sister chromatids, recombine and exchange regions through chro-
mosomal crossover. Meiosis I is resolved by extrusion of one homologous parental chromosome into the first polar body. The remaining ho-
mologous chromosome enters intomeiosis II but remains arrested at metaphase II until fertilized by sperm.Meiotic progression resumes after
fertilization. Sister chromatids segregate, and one chromatid is eliminated in the second PB. The sperm provides the second homologous chro-
mosome to the diploid zygote. (B): Heterozygous parthenogenesis without completion of meiosis. After artificial activation that blocks second
PB extrusion, sister chromatids segregate during anaphase II; however, both chromatids are retained within the oocyte, forming a diploid par-
thenogenetic zygote. Because of earlier meiotic recombination and crossover with the other homologous parental chromosomes, the resulting
diploid parthenote exhibits high levels of heterozygosity. (C): Homozygous parthenogenesis after completion of meiosis. Artificial activation
methodsmay not interferewith completion ofmeiosis and segregation of the second PB. However, the initial haploid genome replicates during
mitotic S-phasewithout undergoing subsequent cell division. Both sister chromatids are retained as a homologous pair resulting in a diploid but
homozygous parthenote. (D):Haploid parthenogenesis after completion ofmeiosis. Parthenogenetic activation renders a haploid genome that
is maintained throughout subsequent mitotic divisions. Abbreviations: MII, metaphase II; PB, polar body; PI, prophase I of meiosis I.
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when spontaneously activated oocytes give rise to benign ovarian
teratoma tumors consisting of disorganized tissues from the three
germ layers [42, 43]. In a few rare cases, there has been documen-
tation of fetiform ovarian teratomas (homunculus) of parthenoge-
netic origin [44–46], with one report describing a highly differ-
entiated solid mass that resembled a “doll-like” structure [47].

IMPRINTING AND PARTHENOGENESIS

As described above, mammalian parthenogenetic embryos do
not support full-term development, leading to the pivotal ques-
tionofwhy theyaredevelopmentally incompetentwhereasother
female vertebrates produce healthy parthenogenetic offspring.
The general consensus implicates mammalian-specific, genomic
imprinting: the deviation from Mendelian inheritance in which
parent-of-origin epigeneticmarks result in strictly paternal orma-
ternal expression of some genes [48, 49].

Since the early discovery of a few imprinted genes in the
mouse [50–53], more than 100 imprinted genes have been
revealed (see Geneimprint [http://www.geneimprint.org] and
MouseBook [http://www.mousebook.org]) [54]. Because par-
thenotes lack sperm alleles, paternally expressed imprinted
genes are functionally absent. Conversely, maternally expressed
imprinted genes are transcribed from both alleles, leading to
overexpression and associated developmental abnormalities. Be-
cause many imprinted genes are directly involved in fetal growth
pathways, the genome-wide dosage imbalance serves as a barrier
to normal fetal development in parthenotes [48]. Studies have
determined that monoallelic gene expression from the paternal
genome is critical for extraembryonic tissue formation and func-
tion [32, 34]. For example, paternally expressed Igf2 and its ma-
ternal regulators, Igfr2, Grb10, and H19, are critical for placental
growth and nutrient diffusion [51, 55–60]. In the mouse, parthe-
nogenetic fetuses display poor development of the extraembry-
onic compartment [32]. Given the strong evidence linking proper
imprinting to normal extraembryonic tissue formation, it is likely
that placental growth defects are the main barrier to full-term
mammalian parthenogenesis.

Several theories have been proposed to explain the evolution
of mammalian imprinting, including its role in complex placenta-
tion, maternal behavior and lactation [61], neonatal feeding [62],
and the coevolution of viviparity and genomic imprinting [63, 64].
When comparing eutherian, marsupial, and monotreme mam-
mals, there is a phylogenetic connection between the length of
gestation, the complexity of placentation, and the level of geno-
mic imprinting. Imprinted genes are extensive among eutherians,
but fewer in marsupials, and absent in the egg-laying monot-
remes [64]. The parent-offspring conflict hypothesis articulates
the need for balance between the fecundity of the mother and
the father’s genetic agenda to increase the fitness of his offspring.
This hypothesis reasons that genomic imprinting is a parental tug
of war, in which paternally expressed imprinted genes have
evolved to extract asmany resources as possible from themother
to ensure healthy development of the father’s offspring. In con-
trast, maternally expressed imprinted genes will regulate fetal
growth to conserve the reproductive fitness of the mother
[65]. Because the gestational period and placental dependence
of eutherian mammals are higher than that of marsupials and
monotremes, parent-offspring conflict may have been the initial
evolutionary driver for the selection of genomic imprinting [64].

In the mouse, deliberate genetic manipulations can circum-
vent the developmental barriers of full-termparthenogenesis. Vi-
able bimaternal mice have been generated by combining the
genomes of two unrelated oocytes. The trick to this elaborate
techniquewasusing anongrowingoocyte fromanewbornmouse
that had undergone complete imprint erasure but had not yet re-
establishedmaternal imprint signatures. To furthermimic normal
expression levels of paternally silenced genes, the paternal Igf2-
H19 and Dlk1-Dio3 differentially methylated regions were de-
leted in the imprint-free oocyte [66]. Subsequently, the nuclei
from these double-knockout imprint-free oocytes were recon-
structed by serial nuclear transfer and then fused with mature
imprintedoocytes. Following artificial activation, suchbimaternal
parthenogenetic embryos developed into live offspring [66]. This
impressive study showed that the correction of just a few
imprinted domains was sufficient to rescue parthenogenetic de-
velopment. Interestingly, such bimaternal mice had reduced
weights but lived approximately 30% longer than control females,
suggesting that paternal imprints could be regulating longevity
and energy-conserving genes [67]. Although the removal of
two paternally imprinted regions allowed for normal develop-
ment in the bimaternal mouse, mammalian parthenotes may still
harbor other epigenetic abnormalities that are detrimental for
offspring. Children born with uniparental imprinting diseases
such as Beckman-Wiedemann, Silver-Russell, Prader-Willi, or
Angleman syndromes display acute developmental defects rang-
ing frommental retardation tovariousphysical abnormalities [68].

PARTHENOGENETIC ESCS FOR AUTOLOGOUS AND

ALLOGENEIC THERAPIES

Despite the fact that genomic imprinting prevents the full-term
development of parthenogenetic embryos, therapeutic applica-
tions of cells and tissues derived from pESCs are still merited.
Mammalian pESCs have been established from several species
(reviewed by Cibelli et al. [69]), including humans. The literature
refers to parthenote-derived stem cells as “embryonic,” and, al-
though indeed theyarederived fromparthenogenetic embryos, it
should be noted that the oocytes involved are not fertilized, so
some ethical issues associated with human embryos would
thereby be avoided. Notably, parthenogenetic embryo develop-
ment and ESC derivation efficiencies are similar to that of sperm-
fertilized counterparts [17, 19, 70]. In addition, pESCs are mor-
phologically indistinguishable from biparental controls, with sim-
ilar growthand culture characteristics. Althoughparthenogenetic
embryos maintain aberrant imprints and thus cannot develop to
term, established pESCs can correct some of these defects and
display normal gene expression [17, 71]. Global transcriptional
profiling suggested that pESCs are similar to ESCs derived from
fertilized embryos with strong expression of genes implicated
in the maintenance of pluripotency, self-renewal, genome sur-
veillance, and cell fate determination [29]. As expected, expres-
sion of several paternally imprinted genes was downregulated
in pESCs compared with biparental ESCs. However, there were
no differences noted in expression levels ofmaternally expressed
imprinted genes in parthenotes [29].

Thepotential of humanpESCs for regenerativemedicine is ev-
ident through studies that demonstrate similar in vitro and in vivo
differentiation potential to ESCs. For example, when injected into
immunodeficient mice, both human and nonhuman primate
pESCs readily form teratomas that are indistinguishable in
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composition from biparental controls [17, 19, 29, 30, 70, 72].
Upon in vitro differentiation, human pESCs have providedb cells,
fibroblasts, cardiomyocytes, and neurons [19, 73], and monkey
pESChavebeendifferentiated into cardiomyocytes, smoothmus-
cle, dopaminergic neurons, adipocytes, and ciliated epithelium
[17, 29, 72, 74, 75]. When implanted into live rodents, pESC-
derived cells show similar tissue engraftment potential as ESCs
[22, 75–77]. Therapeutically, pESC-derived neurons can relieve
Parkinson’s symptoms in rats [75]. In the mouse, cardiomyocytes
derived from pESCs enhanced myogenesis and repair after car-
diac infarction [76, 77], and pESC-derived hematopoietic progen-
itors have supported long-term hematopoiesis [78]. Although
more transplantation studies are needed to draw accurate con-
clusions, it is encouraging that tumors were not observed with
engrafted differentiated pESCs [75–78].

Parthenogenetic ESCs are endowed with several unique fea-
tures that could prove clinically useful. Parthenogenetic activa-
tion protocols involve rather simple procedures requiring little
manipulationexpertise comparedwith SCNT. They canbederived
with high efficiency, so as little as one stimulation cycle could pro-
vide a reproductively normal youngwomanwith a sufficient num-
ber of oocytes to derive several genetically matched stem cell
lines. As anexampleofpESCderivation efficiencies, in themonkey
model, one ovarian stimulation supported derivation of 3 pESC
lines [17], and, in humans, 21 oocytes rendered 4 pESC lines
[19].WhencomparingpESCderivation rateswithotherPSCs, they
are far higher than iPSCs (∼0.001%–4.4%) [6] and are similar in
efficiency to SCNT-ESCs (2.3%–20%) [8] and intracytoplasmic
sperm injection-ESCs (27%) [15].

Of particular advantage, heterozygous pESCs should support
autologous transplantations as a result of immune compatibility.
When three rhesusmacaquepESCsderived from the same female
were analyzed for heterozygosity using polymorphic short tan-
dem repeats (STR), pESC-1, -2, and -3were identical to the oocyte
donor at 87.2%, 69.2%, and 71.8% of loci tested, respectively
(Table 1) [17]. Such high heterozygosity levels are explained by
the extensive shuffling of alleles between parental homologous
chromosomes at prophase I, and, for this reason, most alleles
are afforded equal opportunity for germline transmission. Main-
taining heterozygosity within major histocompatibility complex
(MHC) [human leukocyte antigen (HLA) for humans] regions is
most critical for pESCs that would avoid immune recognition of
missing alleles [22]. For example, the pESC-1 cell line was a com-
plete match for both alleles in this region (rhesus monkey MHC
region located on the chromosome 6), whereas pESC-2 was ho-
mozygous (Table 1). The absence of a second allele may provoke
an immune response by cytotoxic natural killer (NK) cells (see be-
low). Therefore, human pESC lines should be analyzed for hetero-
zygosity, in particularHLA loci, to ensure thebestmatch for future
autologous histocompatible transplantations. In addition, het-
erozygouspESCs couldbeavaluable research tool to studyhuman
recombination hotspots in the female germline. Through
genome-wide SNP or STR genotyping, areas of sister chromatid
exchange canbepinpointed by identifying zygosity changes along
the chromosome [22]. A map of meiotic recombination hotspots
in the female germline would most certainly be a valuable re-
source for the study of human diseases.

Unrelated patients could also benefit from allogeneic homo-
zygous pESCs. As described above, a slight change in the oocyte
activation protocol supports derivation of homozygous pESCs.
With the projected, and seemingly impractical, high cost of iPSCs

or SCNT-ESCs for personalized cell therapy, a viable alternative for
providing PSC-derived cells to patients would involve banking
stem cell lines. The immense diversity of HLA alleles in the human
population is projected to be more than 1,500 at 12 different loci
[79], presenting an arduous challenge for banking an adequate
spectrum of lines for intended patients. However, to avoid trans-
plant rejection and the need for immunosuppressive therapy, it is
essential that banked human PSC lines match critical HLAs within
four loci: HLA-A, HLA-B, HLA-C, and HLA-DRB1 [80].

Estimates are available relative to the feasibility of banking
IVF-derivedESC lines. For the Japanesepopulation, hypothetically
850 randomly derived ESC lines could match 60% of patients at
three importantHLA loci (A, B, andDR),whereasonly 55 randomly
selected homozygous pESC lineswould be required to completely
match 80% of patients [81]. Likewise in the U.K., 150 random or
100 O-blood-group ESCs would provide for less than 20% of the
population, whereas 10 selected HLA-homozygous pESCs could
benefit 38%of thepeople [82]. BecauseHLA-homozygous individ-
uals are incredibly rare, banking ESCs or iPSCs from these individ-
uals would be a difficult challenge. In contrast, HLA-homozygous
pESCs could be easily obtained from any reproductively healthy
woman.

POTENTIAL LIMITATIONS OF PESCS

Although homozygous pESCs appear to be tantalizing candidates
for allogeneic immunomatching, important questions should be
addressed before considering them for future clinical use. Critics
argue that cytotoxic NK cells may display hybrid resistance in that
they are able to detect and react to the levels of host antigens,
including the lack thereof [22, 83]. It is hypothesized that hetero-
zygous individuals treated with homozygous allografts may expe-
rience a NK cell immune response because of missing HLA alleles.
However, mouse studies have demonstrated that homozygous-
MHC pESCs and differentiated embryoid bodies are not rejected
when injected into immunomatched heterozygous-MHCmice. In
contrast, heterozygous-MHC pESCs and embryoid bodies with
partialmismatch to thehost arenot toleratedwell [22, 76]. Simply
put, MHCa/a can engraft in an MHCa/b host, but MHCa/b shows
poor survival in MHCa/a mice. Although these mouse results are
encouraging, humans are far more polymorphic at HLA loci, mak-
ing immune tolerance outcomes more complicated.

Another potential concern with homozygous pESCs is that
loss of heterozygosity (LOH) is considered a detrimental genetic
outcome often associated with cancer. According to the Knudson
tumorigenesis hypothesis [84], twoharmfulmutations inbothpa-
rental alleles are required for complete loss of a functional tumor
suppressor gene; thus, heterozygous individuals are insulated by
the normal second allele. Inherited retinoblastoma is the classic
example for tumorigenic LOH. In this disease, the infant is born
withonedefective copyof the tumor suppressorRb1, and the sec-
ond copy will often mutate during childhood, leading to retinal
cancer. It is believed that the genome carriesmany harmfulmuta-
tions, but most are masked by a functional second allele. There-
fore, loss of heterozygosity through parthenogenesis could result
in functional expression of defective genes. For example, knock-
down or deficiency of the tumor suppressor p53 can lead to
increased DNA damage and escape from apoptosis [85]. In addi-
tion, because p53 controls expression of pluripotency genes
NANOG and OCT4, its knockdown may lead to persistence of un-
differentiated cells [85, 86]. For this reason it would be critical to
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thoroughly screen homozygous pESC lines, for coding region
mutations to address these safety concerns before clinical use.
Various high-throughput genome interrogation assays, including
next-generation exomesequencing andSNParrays, arebecoming
routine for the detection of pathogenic mutations [21, 87, 88]. In
parallel, novel genome-editing technologies, such as zinc finger
nucleases and transcription activator-like effector nucleases,
were recently developed that allowefficient andprecise targeting
andcorrectionof underlying genemutations in stemcells [89, 90].

To circumvent the allogeneic complications of unmatched
ESCs, patient-specific iPSCs and SCNT-ESCs have been developed
for autologous transplantation. When considering the future of
PSCs for therapeutic purposes, it is estimated that preparing
clinical-grade iPSCandSCNT-ESCproducts for individualizedmed-
icinewill be costly andmost likely unattainable formost patients.
Secondly, the genetic integrity of both iPSCs and SCNT-ESCs
remains unclear given that their genetic material originates from
a somatic cell and may harbor age-acquired mutations [91, 92].

Table 1. Zygosity levels of Rhesus macaque ESC and pESC lines by microsatellite parentage analysis

Locus
Sperm
donora

Oocyte
donora IVF-ESCa

Oocyte
donorb

Heterozygous
pESC 1b

Heterozygous
pESC 2b

Heterozygous
pESC 3b

Oocyte
donora

Homozygous
pESCa

D6S291c 210/216 206/216 210/216 206/208 206/208 206/206 208/208 208/210 208/208

9P06c 189/189 175/187 175/189 185/191 185/191 185/185 191/191 175/185 185/185

DRAc 112/134 110/134 112/134 112/136 112/136 136/136 112/112 112/140 112/112

MICAc 194/194 200/200 194/200 194/200 194/200 194/194 200/200 200/200 200/200

246K06c 277/285 283/283 283/285 275/279 275/279 275/275 275/279 277/279 279/279

162B17Ac 240/244 238/242 238/244 238/242 238/242 238/238 238/242 242/242 242/242

162B17Bc 293/315 289/309 293/309 309/309 309/309 309/309 309/309 295/303 295/295

151L13c 303/309 309/309 309/309 303/309 303/309 303/303 303/309 303/311 311/311

MOGCAc 121/123 123/127 123/127 121/123 121/123 121/121 121/123 121/121 121/121

268P23c 148/150 150/154 150/154 148/150 148/150 148/148 148/150 148/148 148/148

222I18c 167/175 167/173 173/175 167/167 167/167 167/167 167/167 165/167 167/167

D6S276c 215/225 225/233 225/233 215/225 215/225 225/225 215/225 213/221 213/213

D6S1691c 197/203 197/216 197/203 197/197 197/197 197/197 197/197 209/215 209/209

D10S1412 160/160 157/157 157/160 157/157 157/157 157/157 157/157 157/157 157/157

D11S2002 256/260 252/252 252/256 252/252 252/252 252/252 252/252 252/260 252/252

D11S925 338/338 308/308 308/338 308/330 308/330 308/330 308/308 306/308 308/308

D12S364 268/296 282/290 268/290 290/290 290/290 290/290 290/290 278/288 288/288

D12S67 109/117 117/133 109/133 117/212 117/212 117/212 117/212 204/216 204/204

D13S765 228/228 216/236 228/236 224/232 224/232 232/232 224/232 200/200 200/200

D15S823 345/353 357/385 345/385 333/357 357/357 333/333 333/333 337/345 337/337

D16S403 152/152 152/164 152/164 162/164 162/164 162/164 162/164 160/164 164/164

D17S1300 228/284 248/252 252/284 248/260 248/260 248/260 248/260 236/280 280/280

D18S537 162/174 174/178 162/178 162/174 162/174 162/174 162/162 170/178 170/170

D18S72 306/308 308/308 308/308 308/322 308/308 308/322 322/322 312/312 312/312

D1S548 190/190 190/190 190/190 190/206 206/206 190/206 190/190 194/202 194/194

D22S685 327/327 311/311 311/327 319/319 319/319 319/319 319/319 295/299 295/295

D2S1333 285/289 273/293 273/285 277/297 277/297 277/297 277/297 265/305 305/305

D3S1768 205/205 205/213 205/205 205/221 205/221 205/221 205/221 205/217 217/217

D4S2365 283/283 283/283 283/283 283/287 283/287 283/287 287/287 283/287 287/287

D4S413 125/141 131/145 131/141 131/131 131/131 131/131 131/131 129/137 129/129

D5S1457 132/140 132/136 136/140 132/132 132/132 132/132 132/132 132/136 132/132

D6S501 180/180 188/192 180/188 180/184 180/180 180/184 180/184 180/184 184/184

D7S513 193/199 189/217 199/217 209/239 209/239 209/239 209/239 201/213 201/201

D7S794 108/128 108/108 108/128 124/132 124/132 124/132 124/132 124/124 124/124

D8S1106 160/168 148/168 168/168 148/160 148/160 148/160 148/160 160/200 200/200

D9S921 175/195 183/195 183/195 187/195 187/195 187/195 187/195 191/195 195/195

DXS2506 270/270 262/262 262/270 262/262 262/262 262/262 262/262 270/274 274/274

MFGT21 115/125 111/113 113/125 111/115 111/115 111/115 111/115 107/129 129/129

MFGT22 104/110 100/104 104/104 110/120 110/110 110/120 110/110 110/122 110/110

aSritanaudomchai et al. [29].
bDighe et al. [17]. Bold type indicates heterozygous, non-bold type indicates homozygous.
cChromosome 6 MHC region indicates direction of chromosome from centromere to telomere.
Abbreviations: ESC, embryonic stem cell; IVF, in vitro fertilized; MHC, major histocompatibility complex; pESC, parthenogenetic embryonic stem cell.
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Additionally, although there are nonintegrating and nonviral
methods for deriving iPSCs, reprogramming itself can generate
and select for genetic abnormalities [91]. Several reports suggest
that iPSCs harbor high levels of copynumber variations [93, 94]. In
the context of cell therapy, this could be detrimental for the re-
cipient, as cancer-relatedmutationshavealsobeen found in iPSCs
[87]. Indeed, when comparing transplanted undifferentiated and
differentiated ESCs and iPSCs, immunogenicity [95] and tumor
formation [96, 97] have beendocumentedmore oftenwith iPSCs.
However, recent studies have shown transplantation improve-
ments with differentiated iPSCs and ESCs [98, 99]. In yet another
drawback, reprogramming of somatic cells to pluripotency may
not always be complete. Notably, several studies have found that
some iPSCs retain an epigenetic memory of the parental somatic
cell, which can bias their differentiation toward certain fates
[100].

In contrast, pESCs are directly derived from oocytes, which
are evolutionarily protected from somatic mutations to maintain
the integrity of the germline. Parthenogenetic ESCsdisplay robust
capacity for differentiation owing to the oocyte’s intrinsic ability
to induce pluripotent cells that are similar to ESCs. When consid-
ering all limitations, there are distinct obstacles for each PSC type,
and it remains to be determined whether these aberrations are
formidable barriers to effective cell therapy.

CONCLUSION

Transplant rejection and the harsh side effects of lifelong immu-
nosuppression are currently major obstacles to the feasibility
of cell therapy. HLA-knockout ESCs, HLA-screened ESCs, and
patient-specific PSCs have been considered for cell banking. Each
approach has its pitfalls. Production of clinical-grade cells and tis-
sues for regenerative medicine could be time consuming and

costly, and such cells may still be immunogenic despite con-
trolled efforts. Immunocompatible pESCs present unique and at-
tractive advantages for regenerative medicine. They can be
efficiently derived, and estimates suggest that fewer than 100
HLA-homozygous pESC lines could provide compatible cells for
greater than 90 million people [76]. Studies suggest that pESCs
are indistinguishable from ESCs and iPSCs and perhaps even less
tumorigenic [77]. However, abnormal imprinting and high levels
of homozygosity may complicate applications of pESCs as well as
other PSCs in regenerativemedicine. Clearly, each PSChas unique
advantages and disadvantages. Research on the utility of human
pESCs in the contextof cell therapies shouldbeevaluatedandout-
comes compared between various PSC types.
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