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ABSTRACT

Now that induced pluripotent stem cell (iPSC)-based transplants have been performed in humans
and organizations have begun producing clinical-grade iPSCs, it is imperative that strict quality
control standards are agreed upon. This is essential as both ESCs and iPSCs have been shown to
accumulate genomic aberrations during long-term culturing. These aberrations can include copy
number variations, trisomy, amplifications of chromosomal regions, deletions of chromosomal
regions, loss of heterozygosity, and epigenetic abnormalities. Moreover, although the differences
between iPSCs and ESCs appear largely negligible when a high enough n number is used for com-
parison, the reprogramming process can generate further aberrations in iPSCs, including copy
number variations and deletions in tumor-suppressor genes. If mutations or epigenetic signa-
tures are present in parental cells, these can also be carried over into iPSCs. To maximize patient
safety, we recommend a set of standards to be utilized when preparing iPSCs for clinical use.
Reprogramming methods that do not involve genomic integration should be used. Cultured cells
should be grown using feeder-free and serum-free systems to avoid animal contamination. Kar-
yotyping, whole-genome sequencing, gene expression analyses, and standard sterility tests
should all become routine quality control tests. Analysis of mitochondrial DNA integrity, whole-
epigenome analyses, as well as single-cell genome sequencing of large cell populations may also
prove beneficial. Furthermore, clinical-grade stem cells need to be produced under accepted reg-
ulatory good manufacturing process standards. The creation of haplobanks that provide major
histocompatibility complex matching is also recommended to improve allogeneic stem cell
engraftment. STEM CELLS TRANSLATIONAL MEDICINE 2018;7:867–875

SIGNIFICANCE STATEMENT

This is the first review to explicitly address the pressing need for strict quality control standards
given the advent of autologous and donor induced pluripotent stem cell transplantations in two dif-
ferent human patients. This study focused on how to get stem cells safely from the research bench
to the clinic using existing technologies. More specifically, this article reports the aberrations that
commonly accumulate in stem cells during culturing, as well as the existing quality control tech-
niques that are currently available. Recommendations are offered for quality control standards to
employ when preparing embryonic and induced pluripotent stem cells for human transplantation.

INTRODUCTION

In 2006, Takahashi and Yamanaka published their
seminal paper demonstrating that adult somatic
cells could be restored to pluripotency through
the exogenous expression of four transcription
factors: Oct4, Sox2, Klf4, and c-myc [1]. These
reprogrammed induced pluripotent stem cells
(iPSCs) expressed classical embryonic stem cell
markers, mimed ESC morphology, and could
differentiate into all three germ layers [1]. As
iPSCs are patient-derived, they represent an ideal

stem cell source for autologous transplantation

therapies. These reprogrammed cells also bridge

the gap between the clinic and the laboratory

with their unique ability to be used for patient-

specific disease modeling [2] and drug testing

[3]. Thus, iPSCs are especially appealing to the

fields of precision medicine, regenerative medi-

cine, and cell therapy. Because of the unique clin-

ical potential of iPSCs, both the RIKEN Institute

[4, 5] and the cell therapy company Lonza [6, 7]

have begun producing iPSCs intended for clinical

use. The RIKEN Institute, in particular, has already

used iPSCs for human transplantation [4].
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There are, however, serious safety concerns associated
with the production of stem cells intended for clinical use. Ini-
tially, for example, it appeared that iPSCs were distinct from
ESCs in a number of unflattering ways [8]. Numerous studies
were published indicating that iPSCs frequently harbored
abnormalities compared to ESCs [8]. These anomalies included
epigenetic signatures reminiscent of the somatic cells they
were derived from [9], premature senescence in culture [10],
shortened telomeres [11], reduced telomerase activity [11],
and incomplete mitochondrial remodeling [12]. Such apparent
iPSC-specific defects raised serious concerns regarding the clin-
ical utility of iPSCs, especially with regard to transplantation
therapies [8]. More recent data have demonstrated, however,
that the differences between iPSCs and ESCs become largely
negligible when a high enough n number is used for compara-
tive studies [13]. More specifically, Yamanaka demonstrated in
a 2012 review that, when an n of 12 or more cell lines is used
for comparison, it is difficult to consistently discern any signifi-
cant differences between properly reprogrammed iPSCs and
ESCs [14]. Rather than iPSCs being distinct from ESCs, it
appears that a large portion of the differences reported are
likely due to genetic variation. An important study by Kilpinen
et al. suggests that 5%–46% of all variations observed between
different iPSC lines are caused by genetic differences between
individuals [15]. This would suggest that many of the differ-
ences reported between iPSCs and ESCs are likely due to stan-
dard variation, which bolsters the usability of iPSCs for clinical
therapies.

Despite this important clarification, it remains clear that
there is still significant variability between different stem cell
clones derived from the same donor [8]. This variation can man-
ifest in a variety of impactful ways, such as differences in mRNA
and protein expression levels of specific genes. Moreover,
incomplete reprogramming or unsafe reprogramming methods
may lead to both epigenetic (e.g., aberrant DNA methylation)
and genetic aberrations (e.g., aneuploidy) in an iPSC line [16].
Such variations raise significant clinical safety concerns with
regard to the use of either ESCs or iPSCs for transplantation
therapies. Corroborating these concerns, tumorigenicity is a
well-documented risk associated with pluripotent stem cell cul-
turing and transplantation. For example, Doi et al. found that,
when using ESC-derived neural cells, remaining undifferentiated
ESCs induced tumor formation when grafted into monkey brains
[17]. A separate group found that, when progenitors of iPSCs
reprogrammed with lentiviral vectors were transplanted into
immunodeficient mice, more than 90% of the recipient animals
formed invasive teratocarcinoma-like tumors [18]. Conversely,
tumor-free transplantation was achieved via the combination of
transgene-free reprogramming as well as the elimination of
residual stem cells [18].

Because of the concerns associated with stem cell trans-
plantations, both the RIKEN Institute and the company Lonza
have each implemented unique and strict quality control
standards for the production of pluripotent stem cells
intended for the clinic [4–7]. In humans, the RIKEN Institute
used iPSCs to treat two patients with age-related macular
degeneration. The first patient in 2014 received iPSC-retinal
pigment epithelial cells derived from her own skin cells [4].
The second patient in 2017 received iPSC-retinal pigment
epithelial cells derived from an anonymous donor [19].
The second clinical trial was temporarily halted in 2015 after

discovering a genetic abnormality in the cells used for trans-
plantation [20].

These data make it clear that, while pluripotent stem cells
show invaluable therapeutic potential for the treatment of dis-
eases, strict quality control standards need to be in place to
ensure that the cells used are clinically viable. This review
summarizes the aberrations that can occur in both ESCs and
iPSCs. We also review the existing methods for evaluating
stem cell integrity and propose new regulatory standards to
streamline the progression of stem cells from the laboratory
to the clinic.

ABERRATIONS IN EMBRYONIC STEM CELLS, MULTIPOTENT STEM
CELLS, AND PROGENITOR CELLS

Extensive expansion of pluripotent stem cells is a prerequisite
to obtain the cell numbers required for human cell-based ther-
apies. The process of culture adaptation can, however, activate
oncogenic networks and increase tumorigenicity [21]. As
revealed by recent cytogenetic studies, the chromosomal sta-
bility of pluripotent stem cells through extended passaging
cannot be guaranteed [22]. Adaptation in culture to conditions
that promote cell proliferation in vitro has a lucid parallel with
malignant transformation in vivo.

In murine neural stem cells procured following the neurali-
zation from ESCs, Diaferia et al. reported that long-term pas-
saging was accompanied by a composite karyotype [23]. Fetal-
derived neural stem cells showed especially high levels of
euploidy [23]. Similarly, human neural progenitor cells have
been found to be susceptible to accumulation of chromosome
7 and 19 trisomy after prolonged culturing [24]. As revealed
by an analysis of over 400 samples of human multipotent stem
cells by Ben-David et al. [25], chromosomal abnormalities
accumulate while in culture in all several different multipotent
stem cell types, including pluripotent, mesenchymal, and
neural stem cells.

Numerous examples specific to human embryonic stem
cells (hESCs) have demonstrated how long-term culturing of
embryonic stem cells can hamper their clinical utility. The for-
mation of a chromosomal homogeneous staining region in a
single ESC line was observed by Baker et al. after extended
passaging [21]. Compared to early passage lines, one study
found that eight of nine late-passage hESC lines had one or
more genomic alterations typically observed in cancer [26]. In
all, 45%, 22%, and 90% of the lines showed aberrations in
copy number, mitochondrial DNA sequence, and gene pro-
moter methylation, respectively [26]. A high-resolution DNA
analysis of 17 different hESC lines identified 843 copy number
variations [27]. On average for the same line, 66% of the copy
number variations and 24% of the loss of heterozygosity sites
changed in culture between early and late passages. Many of
the genes within these sites were functionally linked to cancer
and showed altered expression levels [27]. Other genomic
anomalies, such as the occurrence of an isodicentric X chromo-
some during long-term cell culturing, have also been docu-
mented [28]. A gain of chromosomes 17q and 12 [29],
an oncogenic amplification of 20q11.21 [30], a derivative
chromosome 18 [31], and trisomy [32] have analogously been
reported in hESCs. Amplification of 20q11.21 as well as gain of
chromosomes 17 and 12 both appear to be recurrent
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chromosomal abnormalities in ESCs [29–31]. Numerous other
reports exist in the literature highlighting how cell culturing of
stem cells can reduce their genomic integrity and increase
their tumorigenicity [22, 32–35].

Select abnormalities that have been reported to occur in
hESCs are summarized in Supporting Information Table S1.
From an evolutionary perspective, it is easy to understand that
a selection for cells with higher growth potential also results
in a selection for cells with reduced clinical utility. On a more
molecular mechanistic level, a large survey of pluripotent stem
cell genetic variability by the International Stem Cell Initiative
has identified culture-specific genetic modifications which
increase activity of the antiapoptotic gene BCL21 [36]. This
same survey reported that prolonged culture commonly
affects the genetic integrity of chromosomes 1, 12, 17, and
20 [36]. Given that pluripotent stem cells regulate their geno-
mic integrity by the elimination of damaged cells via apoptosis
[37], this reduction in apoptosis is likely a key factor underly-
ing the increased growth potential and tumorigenesis
observed during long-term culturing.

ABERRATIONS IN IPSCS

Although it was initially thought that iPSCs may harbor signifi-
cantly more genetic, epigenetic, and cellular abnormalities
than ESCs [8], emerging data suggest that the differences
between ESCs and properly reprogrammed iPSCs are minimal
[14]. However, there are some concerns unique to iPSCs. First,
iPSCs are derived from differentiated somatic cells that may
harbor existing genomic aberrations [8] (Fig. 1). These anoma-
lies can impact the clinical quality of the transformed iPSCs
[8]. Exemplar of this, Yu et al. found that iPSCs reprogrammed
from somatic cells with pre-existing chromosomal mutations
showed less genetic stability than iPSCs reprogrammed from
cells with normal karyotypes [38]. A separate study concluded
that most of the genetic variation observed in iPSC clones is a
consequence of iPSCs retaining their mutational history [39].
This finding is further supported by the report that iPSCs har-
bor the same gene expression dysregulation domains as the
trisomy 21 fibroblast cells they were reprogrammed from [40].
Some of the remaining abnormalities in iPSCs may also be due
to incomplete reprogramming or the inability of reprogram-
ming to reverse an existing anomaly [8] (Fig. 1). Conversely,
however, the reprogramming process has been reported to

rectify chromosomal abnormalities present in somatic cells
[41]. More specifically, patient fibroblasts containing ring chro-
mosomes underwent cell-autonomous corrections during
reprogramming into iPSCs. The resultant stem cells lost their
abnormal chromosome and replaced it with a duplication of
its wild-type homologue [41]. Future studies are warranted to
understand what defects can and cannot be corrected by cel-
lular reprogramming.

Second and likely the larger concern, the reprogramming
process itself can generate several different anomalies due to
the genomic insertion of viral vectors, global hypomethylation,
the overexpression of oncogenic transcription factors, the inhi-
bition of tumor suppressors, and the activation of oncogenes
(Fig. 2) [42, 43]. The formation of de novo mutations, such as
copy number variations and deletions of tumor-suppressor
genes, has been reported to occur as a result of reprogram-
ming to pluripotency [33, 44]. Replicative stress associated
with reprogramming underlies at least some of these de novo
genetic changes [45]. Lowering replication stress, either chemi-
cally or genetically, has been shown to increase the genomic
stability of reprogrammed iPSCs [45]. In addition to replicative
stress, chromatin remodeling into an open state, which occurs
during the somatic to pluripotent transition, can cause aberra-
tions in iPSCs. (Fig. 2) [46]. Epigenetic aberrations and anoma-
lous methylation patterns caused by reprogramming have also
been reported in iPSCs [37]. As global hypomethylation is sig-
nificantly associated with both aging and cancer development
(Fig. 2) [47], any mistakes in the epigenetic remodeling process
could impact the genomic stability of the resultant iPSCs.

To avoid direct genomic integration during reprogramming,
multiple nonintegrating gene delivery systems have been gen-
erated that avoid the use of lentiviral or retroviral vectors
[48]. These include minicircle vectors, nonintegrating epi-
somes, purified protein, and mRNA [8, 49]. Each of these strat-
egies has a different reprogramming efficiency rate and
produces different degrees of aneuploidy [50], highlighting the
importance of the reprogramming method used. The RNA
reprogramming method, for example, produces a low aneu-
ploidy rate compared to methods using viral vectors [50]. The
downside of this method is that it requires an increased labo-
ratory workload and that it can be more challenging to repro-
gram cells with RNA versus other methods [50]. The
tumorigenic transcription factor C-Myc (Fig. 2) has also been
found to be dispensable for the reprogramming process [51],
though the overall efficiency is decreased without it [52].

Figure 1. Potential anomalies can exist in induced pluripotent stem cells (iPSCs) due to pre-existing aberrations. An aged somatic cell
can accumulate aberrations such as short telomeres, damaged DNA, and dysfunctional mitochondria. During reprogramming of somatic
cells into iPSCs, some of these anomalies can be fully reversed. Other anomalies, due to incomplete reprogramming or the inability of
reprogramming to fully reverse an abnormality, can result in the generation of iPSCs with aberrations (e.g., shorter telomeres, dysfunc-
tional mitochondria, and damaged DNA) uncharacteristic of pluripotent stem cells.
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Other alternatives, such as L-Myc [53] and small molecules,
have been identified [52] that help to boost efficiency in lieu
of C-Myc. It is therefore possible that many of the genomic
risks which can occur through reprogramming can be mini-
mized via safer and less invasive reprogramming methods.
However, it is also possible that some of these alternative
strategies may in turn have off-target effects capable of pro-
moting oncogenesis.

Just like ESCs, iPSCs also become more tumorigenic and
accumulate genomic abnormalities during long-term culturing.
Recurrent copy number variations due to culturing have been
documented in iPSCs [54]. Chromosomal copy number varia-
tions as well as moderate numbers of deletions have addition-
ally been reported in expanded iPSCs [33]. In addition to
summarizing common abnormalities seen in ESCs during pro-
longed culture conditions, Supporting Information Table S1
also highlights typical aberrations reported in cultured iPSCs.

COMMON METHODS FOR EVALUATING THE GENETIC INTEGRITY
OF STEM CELLS

Given the prevalence of genetic abnormalities that can arise in
stem cells, particularly those that are cultured, the ability to
effectively analyze the genomic stability of a pluripotent stem

cell line is essential. Several different types of cytogenetic ana-
lyses are currently available to perform studies on cellular
genetic integrity. The most common techniques used to study
the cytogenetics of ESCs and iPSCs as well as their merits and
shortcomings are summarized in Supporting Information
Table S2.

A conventional approach is provided via conventional
karyotyping by GTG banding, which is also known as G band-
ing or Giemsa banding [55]. This method provides a quick
snapshot of the entire genome and can reveal both numerical
and structural aberrations that exist in a single cell’s chromo-
somes. Additionally, large abnormalities and mosaicism can be
quickly detected by GTG banding. Uniquely, this is the only
major method that can detect structural abnormalities such as
balanced translocations and inversions. GTG banding is more
cost effective than other cytogenetic techniques, such as CGH
and SNP arrays. Its main limitation is that it has a limited reso-
lution and can only detect chromosomal aberrations >5 Mb
(Supporting Information Table S2).

Fluorescent in situ hybridization (FISH) and spectral karyo-
typing (SKY) are two additional cytogenetic techniques that
can be used to assess the genomic health of stem cells. These
techniques, which use fluorescent DNA probes that can bind
to specific chromosomes and/or chromosomal regions, are
capable of identifying structural aberrations such as

Figure 2. Potential risks of tumorigenicity through the induction of pluripotency. (A): The induction of somatic cells to pluripotency
using transcription factors causes significant cellular remodeling and reprogramming, including the resetting of epigenetic states. This
resetting includes global hypomethylation, which removes methylated, silenced signatures in parental cells. This global hypomethylation
could potentially lead to the generation of chromosomal abnormalities, the activation of previously silenced oncogenes, and abnormal
cell growth. The insertion, integration, overexpression, and reactivation of oncogenic transcription factors such as C-Myc, especially via
viral integration methods, may similarly result in the reactivation of oncogenic networks and abnormal cell growth following reprogram-
ming. (B): The insertion and integration of C-Myc may also inhibit tumor suppressors or reactivate previously silenced oncogenes, thereby
triggering abnormal cell growth.
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translocations or duplications [56]. Both methods work by
hybridizing chemically labeled DNA probes with metaphase/
interphase cells and then visualizing them with fluorescent sig-
nals. FISH and SKY are well-suited for identifying additional
attributable chromosomal material, such as marker chromo-
somes. SKY specifically enables the determination of balanced/
unbalanced translocations and complex rearrangements. The
resolution limit of FISH and SKY is approximately >1–2 Mb
[56]. Despite this resolution improvement over GTG banding,
both FISH and SKY are disadvantaged in only being able to
detect larger abnormalities. Other techniques are better suited
for the detection of smaller aberrations (Supporting Informa-
tion Table S2).

More recent molecular cytogenetic techniques such as
CGH and SNP arrays as well as whole genome sequencing are
extremely sensitive. CGH and SNP arrays are capable of detect-
ing chromosomal regions as small as 25 kilobases as well as
mosaicism [57, 58]. While both CGH and SNP arrays can detect
copy number variations, SNP arrays are advantageous in their
ability to detect uniparental disomy and loss of heterozygosity
[59, 60]. Whole genome sequencing is even more sensitive
with its ability to both detect single base changes and identify
mosaicism [61]. Another molecular cytogenetic technique is
global gene expression meta-analysis that can detect the func-
tion of genes affected by chromosomal changes [34]. However,
this technique it is not as sensitive as CGH or SNP arrays and
can only detect large abnormalities >10 megabases. This
approach also cannot detect mosaicism (Supporting Informa-
tion Table S2).

Taken together, each of the discussed techniques has its
own advantages and limitations (Supporting Information
Table S2). Thus, it is frequently valuable to use a combination
of conventional karyotyping and molecular cytogenetic tech-
niques as complementary tools to evaluate the genomic stabil-
ity and clinical potential of both ESCs and iPSCs.

QUALITY CONTROL STANDARDS FOR THE SAFE CLINICAL
APPLICATION OF PLURIPOTENT STEM CELLS

Generation of clinical-grade ESC and iPSC lines for use in
patients should be done in compliance with good manufactur-
ing practice (GMP). Put differently, it is imperative that strict
standards and quality controls be adhered to prior to using
pluripotent stem cells for clinical applications. The United
States Food and Drug Administration (USFDA), the European
Medicines Agency (EMA), the Japanese Pharmaceuticals and
Medical Devices Agency (PMDA), and other regulatory agen-
cies currently provide GMPs to promote the safe use of thera-
pies for patients. With regard to stem cells, the aim of a GMP
is to consider all of the potential risks involved and set guide-
lines for manufacturing, testing, and application of the final
product. Given the requirement for large cell numbers, any
stem cell procedure must also be amenable to large-scale pro-
duction [62].

The cell production company Lonza has already generated
clinical-grade iPSCs manufactured under a GMP-compliant pro-
cess [6]. These iPSCs are available for clinical use [6]. After
establishing a tissue acquisition program, Lonza’s manufactur-
ing process began with the isolation of CD34+ cells from fresh
cord blood units. Because of the safety concerns associated

with the use of integrating viral vectors for reprogramming,
Lonza utilized a nonintegrative episomal-based technology
developed by Chou et al. [63]. Reprogrammed iPSCs were
expanded in a feeder-free serum-free cell culture medium [6].
Eliminating the use of feeders and serum served to abrogate
the risk of transmitting animal pathogens to human subjects.
The resultant iPSCs were then subjected to a series of safety
evaluations, namely endotoxin, sterility, mycoplasma, short
tandem repeat, plasmid clearance, and karyotype tests. Whole
genome expression analyses was then performed on several
different lines and compared to previously characterized iPSCs.
A panel of approximately 250 markers was additionally
analyzed to assess markers of ectoderm, mesoderm, endo-
derm, gender, imprint, and pluripotency [6].

RIKEN, which is the largest publicly funded research orga-
nization in Japan, has also produced clinical-grade iPSCs which
have received approval from the Japanese health ministry for
human application. As mentioned heretofore [19], the RIKEN
Institute has pioneered the world’s first iPSC-based transplants
in two different patients. The first patient received autologous
iPSC-based cells [4] and the second patient received iPSC-
based cells from an anonymous donor that were banked [19].
Reprogrammed iPSCs were generated using nonintegrating
episomal vectors and then differentiated into retinal pigment
epithelial cell sheets [5]. In the preliminary work justifying the
use in humans, these cells were shown to exhibit gene expres-
sion patterns similar to those of native retinal pigment epithe-
lium. The differentiated cells also showed classical retinal
pigment epithelial characteristics and caused no tumor or
rejection issues when transplanted into nonhuman primates
[5]. Prior to use in the first patient recipient, autologous
iPSC retinal pigment epithelial cell sheets underwent whole-
genome sequencing, expression analyses, and whole-genome
methylation profiling [4]. Single-cell quantitative polymerase
chain reaction was performed to check that expression levels
of retinal pigment epithelial-specific genes were consistent
with those seen in native tissue. Mandai et al. further used
immunodeficient mice to assess the tumorigenic potential of
the patient-derived cells [4]. No tumors were observed in the
transplanted mice and extensive testing revealed that there
were no de novo insertions, deletions, or DNA copy number
alterations in protein-coding regions. The plasmid DNA used
for reprogramming had also not been integrated into the
genomic DNA [4].

Highlighting the importance of several quality control
methods, the company Lonza and the RIKEN Institute had con-
siderable overlap in their quality control approach. Both uti-
lized nonintegrating episomal vectors to reprogram somatic
cells into iPSCs and both avoided the use of serum or feeders
[4, 6]. Similarly, both organizations assessed gene expression
of the resultant cells. There were also differences in their
approach. For example, the RIKEN Institute performed whole-
genome sequencing and whole-genome methylation profiling
while Lonza performed karyotyping and whole-genome expres-
sion analysis [4, 6]. A comparison of their quality control
methods highlights the need for a cohesive, international set
of standards to guide the optimization of pluripotent stem
cells geared towards patient application. Only nonintegrating
methods should be used for reprogramming and standard
tests to ensure that the cells are sterile and free of myco-
plasma should be accepted practice. With regard to quality
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control of stem cells, we would minimally recommend karyo-
typing and whole-genome sequencing to assess genomic sta-
bility. Gene expression analyses should become routine as well
to ensure that the gene expression profiles are within the nor-
mal range, which is something that also needs to be clearly
defined. We would additionally recommend whole-genome
methylation profiling. Neither organization assessed mitochon-
drial DNA integrity or performed single-cell genome sequenc-
ing of cellular populations. While adding to the expense and
time of the quality control process, these may be valuable
techniques to further maximize patient safety. More research
is required to determine how valuable it would be to addition-
ally incorporate these quality control techniques.

In 2015, the International Stem Cell Banking Initiative pub-
lished a collaborative paper suggesting detailed guidelines for
the development of human pluripotent stem cell seed stocks
[64]. In this article, the authors outline two main categories of
concerns—microbiological hazards and stem cell genetic integ-
rity. For the former, they suggest performing virological, steril-
ity, and mycoplasma testing. They minimally recommend GTG
karyotyping and also mention that other cytogenetic tech-
niques like FISH, SKY, CGH arrays, and whole-genome sequenc-
ing would be useful to identify information that GTG
karyotyping cannot acquire. The authors also recommend
some form of standardized tumorigenicity testing [64]. In
2017, the International Stem Cell Banking Initiative published a
follow-up manuscript where they summarized contemporary
banking efforts and cytogenetic screening protocols utilized.
The latter include a 300,000 SNP genome array as well as
whole-exome sequencing [65]. The methods implemented
by RIKEN and Lonza largely agree with and exceed these
criteria [4–7].

Once cells are prepared for transplantation, autologous
transplantations are clearly more desirable than allogeneic
transplantations from an immunogenic perspective. For exam-
ple, a direct comparison between the two in cynomolgus mon-
keys previously found that autologous iPSC-derived neurons
elicited a very minimal immune reaction while allografts
induced an acquired immune response that resulted in the
activation of microglia and the infiltration of lymphocytes [66].
Additionally, a higher number of transplanted dopaminergic
neurons survived in the autologous transplantation compared
to the allogeneic transplantation [66]. Unfortunately, the ideal
autologous transplantation model is impractical for a number
of reasons [67]. Generating a robust patient-derived iPSC line,
characterizing various clones of that line, and then selecting
an appropriately suitable clone are all processes that can take
months to complete. Extra time equates to substantial extra
cost in any large-scale manufacturing process [67]. Just like
what occurred in the first human iPSC-based transplant, where
the trial was halted due to the discovery of a genetic abnor-
mality in the transplanted cells used [20], new lines carry a risk
of harboring a risk-associated genetic anomaly. Correcting
these abnormalities prior to differentiation and transplantation
further adds to the cost and time of this production process
[67]. If immunogenic reactions were a nonissue, allogeneic
transplantations would be much more practical due to their
ability to be flexibly utilized for a wide variety of patients.

A recent 2017 study from the laboratories of Yamanaka
and Takahashi has shown that major histocompatibility com-
plex (MHC) matching improves the engraftment of iPSC-

derived cells in macaque monkeys [68]. More specifically, iPSCs
obtained from a MHC homozygous cynomolgus macaque were
differentiated into neurons for neural grafting experiments. In
response to a MHC mismatch, neuroinflammation was
revealed via positron emission tomography. In contrast, MHC
matching reduced the inflammatory response by suppressing
the graft accumulation of both lymphocytes and microglia
[68]. As MHC matching enhanced engraftment of iPSC-derived
neurons in the brain and MHC matching is known to improve
graft survival rates post-organ transplantation [69], this study
makes a strong case for MHC matching in humans. While MHC
matching is an intelligent strategy for minimizing immune con-
cerns, it is important to note that other immune responses
may still hinder the utility of allopathic transplantations com-
pared to autologous transplantations [70].

With the allopathic transplantation strategy in mind, Yama-
naka is currently establishing an iPSC bank with the goal of
being able to MHC-match donors to recipients [19]. The near-
term goal is to generate enough cell lines to be able to match
more prospective recipients. Probabilistic modeling by Gourraud
et al. indicates that a bank comprising iPSC lines representing
the 20 most frequent human leukocyte antigen haplotypes
would match more than 50% of European Americans and 22%
of African Americans [71]. A haplobank comprised 100 iPSC
lines with the most frequent human leukocyte antigen in each
ethnic population would match 45%, 52%, 63%, and 78% of
African Americans, Hispanics, Asians, and European Americans,
respectively [71]. Other estimates suggest that as few as 50 cell
lines would be sufficient to match 90% of the Japanese popula-
tion and that a bank from 150 HLA-typed volunteers could
match 93% of the U.K. population [67]. The development of a
global iPSC haplobank that is human leukocyte antigen-
compatible for 50%–90% of respective human populations will
likely improve the therapeutic potential of iPSCs. It is important
to note that, even with perfect HLA matching, autologous trans-
plantations may still be ideal for transplantations that are
thought to be especially immunogenic, such as the lung, gut,
liver, and spleen transplantation therapies [67].

In order to authorize iPSCs from these haplobanks for clini-
cal use, international regulators will need to confirm that one
GMP-compliant iPSC cell line generated at one site is suffi-
ciently similar to the one derived from another site. The estab-
lishment of an international advisory group as well as
extensive international collaborations would be required to
bring this idea to fruition. Both the International Stem Cell Ini-
tiative and the International Stem Cell Banking Initiative are
good examples of such collaborative efforts working to estab-
lish cohesive guidelines.

FUTURE RESEARCH AND DIRECTIONS FOR QUALITY CONTROL

While a considerable amount of work has gone into identifying
genomic alterations in ESCs and iPSCs for cell therapy
approaches, considerably less work has investigated the integ-
rity of mitochondrial DNA in pluripotent stem cells. This is sig-
nificant as we know that mitochondrial DNA mutations occur
at a high rate and that there are several human diseases due
to mutations in mitochondrial DNA, such as Kearns–Sayre syn-
drome and Pearson syndrome [72]. Work by Prigione et al. has
revealed that, upon the induction of pluripotency, iPSCs can
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harbor novel single-base mitochondrial DNA mutations that
were not present in the parental cells they were derived from
[73]. However, these iPSCs showed a proper reprogramming of
mitochondrial energy metabolism reflecting mitochondrial
remodeling and a metabolic switch toward glycolysis [73]. A
more recent 2017 study found that mitochondrial copy num-
ber fluctuated throughout long-term cultivation in iPSCs repro-
grammed from a patient with mitochondrial myopathy,
encephalopathy, lactic acidosis, and stroke-like episodes [74].
A third study reported that the frequency of mitochondrial
DNA defects in iPSCs increased with age of the donor and that
many of these defects resided in or were nonsynonymous with
RNA coding genes [75]. These data indicate that the integrity
of mitochondrial DNA as well as genomic DNA should be
assessed in pluripotent stem cells prior to clinical application.
This as well as other data indicate that age of the donor may
impact the genomic integrity of reprogrammed iPSCs [8]. Aging
may also impact the functionality of other clinically relevant
cells, such as progenitor cells [76]. In fact, the age of the
donor has been reported to impact the migration efficiency of
transplanted mesenchymal stem cells, indicating that using
stem cells derived from old donors may be less than ideal
[77]. Future research should aim to better understand the
extent to which ESCs and iPSCs are sensitive to aging as well
as prone to aberrations in mitochondrial DNA.

At the moment, many powerful cytogenetic techniques are
available for evaluating the genomic integrity of stem cells
(Supporting Information Table S2). However, there are more
innovative, recent methods that are not yet being heavily uti-
lized. Single-cell genome sequencing, for example, can be used
to sequence large populations of single cells to understand
their genetic heterogeneity. In human iPSCs differentiated into
active neurons, single-cell RNA-seq was used along with patch
clamping to define a continuum of low to high electrophysio-
logical states [78]. This technique has been applied to detect
clonal evolution within solid tumors and reveal somatic copy
number variations in single cells [79]. The costs associated
with single-cell genome sequencing are steadily decreasing,
though technical hurdles such as data mining and increasing
sensitivity remain to be addressed [80]. The discussion of
future quality control screening also brings up the topic of epi-
genetic screening for iPSCs and ESCs. It is currently unclear
how important it is to do more thorough epigenetic screens
for pluripotent stem cells prior to clinical application. Reports
that genomic imprinting in iPSCs is variably lost between dif-
ferent lines [81, 82] would indicate that it would be beneficial
to standardize epigenetic quality control tests. Future research
should aim to better understand the cost-benefit of making
such screens routine. It would also be interesting to explore

the possibility of using single-cell RNA-seq to identify unique
subpopulations that are especially suited for a patient-specific
therapy.

CONCLUSION

Since Yamanaka’s and Takahashi’s Nobel Prize-winning discov-
ery in 2006 [1], the field of regenerative medicine has made
significant research progress. In a little over a decade, this pro-
gress has culminated in historic experiments involving clinical
transplantation of both autologous and donor iPSCs in human
patients [19]. Substantial work remains to be done, however,
before ESCs and iPSCs can fulfill their therapeutic dream in the
clinic. Given that stem cells can accumulate genomic aberra-
tions in culture and unsafe or incomplete reprogramming can
create further anomalies in iPSCs, the global community needs
to agree upon strict quality control standards that permit the
generation of clinical-grade stem cells. Novel, emerging tech-
niques such a single-cell genome sequencing of large cell
populations will likely teach us more about genomic integrity
within pluripotent stem cell lines. Regardless, it is essential
that the field progress safely and take the requisite time
needed to optimize quality control before foraying too much
further into human therapies.
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