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Abstract

Purpose of Review Ever since the reprogramming of human fibroblasts to induced pluripotent stem cells (hiPSCs), scientists
have been trying to determine if hiPSCs can give rise to progeny akin to native terminally differentiated cells as human embryonic
stem cells (hESCs) do. Many different somatic cell types have been successfully reprogrammed via a variety of methods. In this
review, we will discuss recent studies comparing hiPSCs and hESCs and their ability to differentiate to desired cell types as well
as explore diabetes disease models.

Recent Findings Both somatic cell origin and the reprogramming method are important to the epigenetic state of the hiPSCs;
however, genetic background contributes the most to differences seen between hiPSCs and hESCs.

Summary Based on our review of the relevant literature, hiPSCs display differences compared to hESCs, including a higher
propensity for specification toward particular cell types based on memory retained from the somatic cell of origin. Moreover,

hiPSCs provide a unique opportunity for creating diabetes disease models.

Keywords Human pluripotent stem cells - Diabetes - Reprogramming - Differentiation - Disease models

Introduction

Approximately 9% of the worldwide population suffers from
diabetes. Diabetes is characterized by hyperglycemia due to
autoimmune destruction of insulin-producing 3 cells (type 1
diabetes; T1D) or peripheral insulin resistance exacerbating
exhaustion and depletion of {3 cells (type 2 diabetes; T2D).
All patients with T1D and many with T2D require exogenous
insulin administration, but this typically results in suboptimal
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glucose control. Whole pancreas or pancreatic islet transplan-
tation has the potential to restore normoglycemia, but this is
limited by the shortage of donor tissue and the requirement for
immunosuppression to prevent rejection of the transplanted
tissue. Following islet transplantation, insulin independence
has been achieved for up to 5 years [1], suggesting that the
implantation of insulin-producing cells is a viable approach
for in vivo control of blood glucose for diabetes.

However, the severe shortage of islets available for trans-
plantation indicates the need for renewable sources of func-
tional 3 cells. Human pluripotent stem cells (hPSCs), includ-
ing embryonic (hESCs) and induced pluripotent cells
(hiPSCs), can serve as a starting material for diabetes 3 cell
replacement therapy given their capacity for extensive expan-
sion and potential to become pancreatic cells. Recent ad-
vances in hPSC directed in vitro pancreatogenic differentia-
tion have produced insulin-positive cells, which in most cases
require further maturation in vivo for glucose-stimulated insu-
lin secretion (GSIS). Although hiPSCs have successfully been
turned into (3-like cells, there are concerns that the retention of
somatic cell memory after reprogramming and variation in
genetic background make streamlining of their differentiation
into 3 cells challenging.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11892-018-1109-y&domain=pdf
mailto:Emmanuel.Tzanakakis@tufts.edu

133 Page2of8

Curr Diab Rep (2018) 18: 133

A great promise for the use of hiPSCs is their derivation
from and use in the same patient, potentially eliminating the
requirement for immune suppression after implantation of
hiPSC-derived 3 cells. Nonetheless, the conditions and time
frame for reprogramming, expansion, and specification may
alter the immunoprofile of the differentiated hiPSC progeny.
In addition, hiPSC generation is not associated with the ethical
concerns burdening that of hESCs. Here, we will review re-
cent findings on the differences between hESCs and hiPSCs
as they pertain to differentiation, particularly to 3 cells, and
the use of hiPSC-derived cells in modeling diabetes and relat-
ed diseases.

Human Embryonic Stem Cells
and Human-Induced Pluripotent Stem Cells

Human embryonic stem cells (hESCs) are derived from the
inner cell mass of the blastocyst and are considered the gold
standard for pluripotent stem cells, even though ethical con-
cerns surround their use. Almost a decade after the derivation
of hESCs [2], Takahashi et al. demonstrated the
reprogramming of human dermal fibroblasts with the retrovi-
ral transduction of POUSF1 (OCT4), SOX2, KLF4, and MYC
[3] and Yu et al. used lentiviral transduction of human fetal
fibroblasts with OCT4, SOX2, NANOG, and LIN28 [4] to
create cells lines that were called human induced pluripotent
cells (hiPSCs).

Unlike retroviruses, lentiviruses can infect not only prolif-
erating but also non-dividing cells, increasing the efficiency of
the reprogramming protocol. However, viral transduction en-
tails the genomic integration of transgenes that may be prob-
lematic for cell line integrity. This can be remedied by using
excisable vectors, for example the Cre-Lox system, or non-
integrating viruses, including adenoviruses and Sendai virus-
es, resulting in nearly or completely footprint-free induction of

a pluripotent state. Reprogramming with episomal plasmids
does not alter the host genome, but reprogramming efficiency
is relatively low even when specific plasmids with prolonged
stable expression are used. Given that the relative ratio of
transcription factor genes impacts the reprogramming out-
come, reprogramming now utilizes a single cassette with all
the relevant genes. Generally, reprogramming efficiency
varies largely from about .0002—-10% and takes 12-30 days
depending on the culture conditions, reprograming method,
and source of somatic cells. Some examples of somatic cells
used for the hiPSC derivation include fibroblasts, hematopoi-
etic stem cells, keratinocytes, and mature T cells [5].

Following their derivation, the pluripotent status of hPSC
lines is typically confirmed by examining the (i) expression of
markers, such as NANOG, POUS5F1 (OCT4), SOX2, TRA-1-
60, TRA-1-81, SSEA3, and SSEA4, compared to a reference
hPSC line maintained in suitable conditions, (ii) silencing of
reprogramming transgenes for hiPSCs, (iii) potential for spec-
ification upon directed in vitro differentiation or spontaneous
differentiation (e.g., in embryoid body culture) into all three
germ layers (endoderm, ectoderm and mesoderm), and (iv)
epigenetic state, cell morphology, and proliferation rate. A cell
line’s capacity for tri-lineage differentiation can also be veri-
fied via subcutaneous injection of the cells into immunocom-
promised mice, resulting in the formation of teratomas. In
addition, it is important that the cell lines exhibit a normal
karyotype.

Although hESCs are considered the gold standard of plu-
ripotent cells, hiPSCs have distinct benefits (Table 1). Human
iPSCs are free of the ethical issues linked to the derivation of
hESCs. They can be used as disease models and for candidate
drug testing and can be patient-specific, potentially obviating
the need for immune suppression after implantation.
Furthermore, recent advances in hiPSC generation, such as
footprint-free reprogramming and utilization of a single cas-
sette with transcription factors, result in hiPSCs that are more

Table 1 Advantages and

disadvantages of hiPSCs and Advantages

Disadvantages

hESCs
hiPSCs

rejection

Can serve as in vitro disease models (derived

Autologous cells; potentially no immune

Low reprogramming efficiency

Clonal cell lines

from corresponding patients)

Cell source easily accessible
Multiple cell types have been successfully

reprogrammed

hESCs  Polyclonal

Protocols for maintenance and differentiation
are better established
Considered the gold standard of pluripotent

stem cells

Suitable for heritable gene defect correction

Potential genetic and epigenetic abnormalities
Low standardization of cell line derivation
Risk of teratoma formation

Immunogenic

Ethical concerns linked to their derivation and use

Established lines often derived with xenogenic
factors (feeder cells, supplements)

Risk of teratoma formation
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similar to hESCs. However, despite these benefits and ad-
vances, there are still concerns that hiPSCs may not function
like hESCs as we will discussed below.

Reasons for Differences Between hiPSC
and hESCs

Several factors have been proposed to account for the dispar-
ities reported between hiPSCs and hESCs. These include dif-
ferences in culture conditions, passage number, reprogramming
method, somatic cell of origin genetic background and epige-
netics, and gender between the cell lines used for comparison.
These factors also include the typically clonal versus polyclonal
nature of hiPSCs and hESCs, respectively.

Many studies have sought to explore the proposed differ-
ences between hiPSCs and hESCs. For example, Hussein
et al. analyzed 17 hESC lines and 22 hiPSC lines, derived
via retroviral or piggyBac reprogramming, and found that
significantly more copy number variants (CNVs) are present
in early-passage (~passage 5 (P5)) than intermediate passage
(~P10-16) hiPSCs. The percent of aberrant cells was 18% in
early-passage hiPSCs, while it was 9% in later-passage
hiPSCs and 3% in fibroblasts. Most CNVs formed de novo
during reprogramming, providing a selective growth or sur-
vival disadvantage, so these hiPSCs disappear with passaging,
pushing the remaining cells closer to a genetic state resem-
bling that of hESCs. Indeed, CNVs occurred in fragile regions
of the genome associated with genes (e.g., FGF2, CTNNBI,
TP53, MYC, and miRNA let-7¢ and miR-125b) that may affect
differentiation, pluripotency, or proliferation. Also, early pas-
sage hiPSCs exhibited deletions in the subtelomeric region
closest to the telomeres, most likely leading to greater geno-
mic instability [6]. This study corroborates the findings of
other reports that reprogramming is linked to high rates of
mutation underlining the need for a more thorough under-
standing of pertinent molecular mechanisms and generation
of hiPSCs suitable for cell therapies.

Beyond the reprogramming process, observed aberrations
in genomic imprints of hiPSCs and hESCs result from in vitro
manipulations, including the culture media and surface coat-
ings (e.g., Matrigel® or vitronectin) utilized as well as the
presence of feeder cells. For instance, aberrations in
DIRAS3, L3MBTL, and PEG3 were highly correlated with
the use of a specific medium for hPSC maintenance and cul-
ture procedures [7]. The impact that culture conditions have
on genomic traits of cultured cells speaks to the importance of
having consistent cultivation conditions during cell line com-
parative analysis.

The sex of the cell line also matters since almost all female
hPSC lines display X chromosome inactivation, involving X-
inactive specific transcript (XIST) long non-coding RNA.
Loss of DNA methylation and elevated expression of genes

on the inactive X chromosome and loss of XIST expression on
X-linked genes in female hPSC lines is linked to prolonged
cultivation [8]. These genetic changes, which are seen in both
hiPSCs and hESCs, are a source of the disparities reported
when hPSC lines are compared. In fact, extended passaging
can often lead to genetic aberrations, demonstrating the need
for close monitoring of cultured hPSCs [9].

Likewise, the somatic origin of hiPSC is a source of vari-
ation in the epigenetic state of the resulting pluripotent cells
and consequently of differences between hESCs and hiPSCs.
Kim et al. reported the generation of hiPSCs from cord blood
cell (CB-iPSC) and keratinocyte (K-iPSC) donors, noting that
extended culture did not improve their epigenetic similarity to
hESCs and that both tissue-specific and reprogramming-
induced methylations were present. K-iPSCs displayed 9.4-
fold higher expression of keratin 14 (early keratinocyte differ-
entiation marker) and generated 23-fold more keratinocytes
than CB-iPSCs. On the other hand, CB-iPSCs generated a
greater frequency of hematopoietic colonies compared to K-
iPSC and iPSCs from isolated adult CD34" blood.
Nonetheless, CB-iPSCs and K-iPSCs did not exhibit any dif-
ferences in their differentiation to definitive endoderm, sug-
gesting an increased propensity displayed by hiPSC lines only
toward their somatic origin. These differences were further
corroborated by five differentially methylated regions being
associated with hematopoiesis for CB-iPSCs and four with
epithelial cell phenotypes for K-iPSCs [10]. These findings
demonstrate that the hiPSC somatic origin is important for
the efficiency of differentiation, possibly favoring progeny
matching that of the hiPSC cell source. Although this distin-
guishes hiPSCs from hESCs, these epigenetic differences are
potentially beneficial for the production of particular cell
types.

Another source of variation for hiPSC lines stems from the
genetic background of the donor. In one study, hiPSC lines
were derived from primary fibroblasts, keratinocytes, and en-
dothelial progenitor cells from female and male donors. All
hiPSCs were cultivated under the same conditions.
Interestingly, donor genetic differences accounted for approx-
imately 38% of transcriptional variation between hiPSC lines,
while epigenetic memory from somatic cell origin contributed
comparatively little (~4%) and < 1% was attributed to differ-
ences between hiPSCs and hESCs (percentages were calculat-
ed with a correlation of transcriptional variance with the sum
not constrained to 100%). Some of the epigenetic differences
may be accounted for by the reprogramming method since
endothelial progenitor cells were converted to hiPSCs by ret-
roviral transduction, whereas fibroblasts and keratinocytes
were reprogrammed with a Sendai virus. Interestingly, tran-
scriptional memory was noted in 0.06, 0.06, and 0.20% of all
expressed genes in fibroblasts, keratinocytes, and endothelial
progenitor iPSCs, respectively, signifying that hiPSCs from
certain somatic origin cells may retain more memory [11].
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Consequently, even though somatic cell origin does not ap-
pear to affect epigenetics as much as donor genetic differ-
ences, the results warrant further studies into the relative con-
tribution of the two factors to the epigenetic signature of
hiPSC lines.

To that point, hiPSC lines derived from the same somatic
cell type appear to share aberrant methylation patterns
supporting the existence of residual methylation from the cell
of origin. Analysis of the methylome of 17 hiPSC lines (de-
rived by retroviral or lentiviral reprogramming), 6 somatic
origin cell types, and 7 hESC lines revealed differentially
methylated CpG sites common among all hiPSCs. Of note,
only 1% of the human genome was covered in this assay, but
CpG sites were preselected providing higher information con-
tent rather than lower resolution sequencing. Aberrantly meth-
ylated CpG sites in hiPSCs were categorized as residual meth-
ylation retained by the hiPSCs from the cell of origin and de
novo methylation (i.e., not present in either the somatic cell of
origin or the hESCs). Residual and de novo methylations
accounted for 0.32—1.60% and 0.57-2.98%, respectively, with
an overall fraction of aberrantly methylated CpG sites be-
tween 0.92-3.82%. Interestingly, some cell types, such as
astrocyte-derived lines, displayed less irregular methylation
than, for example, fibroblast-derived lines. Comparison of
the methylation level of CpG sites on nine genes (PTPRT,
TMEM132C, TMEM132D, TCERGIL, DPP6, FAMI9A5,
RBFOXI, CSMDI, and C220RF34) generally separated the
hiPSC and hESC lines tested. Therefore, it is hypothesized
that these genes may represent an applicable core set of atyp-
ically methylated genes distinguishing hiPSC and hESC lines.
Furthermore, about 20-50% of the aberrantly methylated
CpG sites persisted following differentiation of hiPSCs to en-
doderm or trophectoderm [12]. Thus, there are differentially
methylated regions when comparing hiPSCs and hESCs, al-
though their role in the differentiation to functional cells was
not explored here.

A subset of the above identified genes was also reported as
differentially methylated regions (DMRs) in adipose-derived
stem cell-iPSCs (ADS-iPSCs) vs. H1 hESCs. In addition to
ADS-iPSCs generated via retroviral transduction, hiPSCs
were derived from human foreskin fibroblasts by episomal
vector reprogramming (FF-iPSC) and IMR90 fibroblasts with
lentiviral transduction (IMR90-iPSCs). Examination of these
cell lines revealed that de novo DMRs are created with higher
probabilities in certain areas and DMRs present in somatic
cells are preserved during reprogramming. Almost half of
hiPSC CG-DMRs were similar to progenitor cells and differ-
ent from hESCs. Two hiPSC lines shared around 70% of the
DMRs, but only 16% among all five lines. Several of the
DMRs (88% of hypermethylated and 46% of hypomethylated
for FF-iPSC clone CG-DMRs) remained in the derived tro-
phoblast cells [13]. As in the Ruiz et al. study, this study
showed DMRs between hESCs and hiPSCs.
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The aforementioned studies use hiPSCs from different cell
sources for a comparison between hESCs and hiPSCs, which
hampers the determination of whether the differences are due
to hiPSC derivation or other variables, such as genetic back-
ground. The best way to control for this is to use genetically
matched hESCs and hiPSCs, where the hiPSCs are derived
from in vitro-differentiated hESCs. Using this approach and
Sendai virus reprogramming, Choi et al. found that genetic
background was more important to transcriptional variation
than cell origin or reprogramming method. Twice as many
promoters (2610) were differentially methylated between un-
matched than matched lines (1205), indicating that genetic
background is a large determinant of the epigenetic state of
hPSCs. Transcriptional variation was significantly higher be-
tween genetically unmatched and matched lines and it was
similar within groups of genetically matched hiPSC or hESC
lines [14¢°]. In a separate report employing a similar approach,
but with lentivirus-mediated reprogramming, there was insig-
nificant differences in gene expression and little variation in
methylation for differentiated or undifferentiated cells be-
tween hiPSCs and hESCs [15]. These findings point to the
genetic background as the most important factor for differ-
ences between hiPSCs and hESCs.

Overall, these studies illustrate that there are differences
between hiPSCs and hESCs, such as differentially methylated
regions and copy number and transcription variations that are
dependent on somatic cell origins, reprogramming method,
passage number, and culture conditions. However, whether
these differences influence the differentiation of hiPSCs or
hESCs to functional 3 cells was not explored.

Differentiation of hESCs vs hiPSCs

From the viewpoint of 3 cell replacement therapies, the ca-
pacity for specification into cells secreting insulin in response
to glucose stimulation is of paramount importance for hESCs
and hiPSCs. However, the propensity for pancreatogenic dif-
ferentiation is influenced by the somatic cell origin as recent
studies show. In one such report, hiPSCs were generated from
human 3 cells (BiPSCs), non-3 cell pancreatic cells (PiPSCs),
and fibroblasts (FiPSCs). The reprogramming efficiency of 3
cells was 0.0001% compared to 0.0025% for fibroblasts, po-
tentially due to the more differentiated state of the {3 cells. The
BiPSCs maintained a partially open chromatin structure (as-
sociated with gene transcription) at the INS and PDX1 gene
promoters denoted by elevated levels of histone H3 acetyla-
tion, while this was not seen in PiPSCs, FiPSCs, or hESCs of
similar passage numbers. The hypomethylated state of some
genes expressed in 3 cells was transmitted to BiPSCs, where-
as these genes were only methylated in fibroblasts, FiPSCs,
and hESCs. These results support the retention of epigenetic
memory in BiPSCs. To check whether this memory translates
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to a higher proclivity for differentiation to the endodermal
lineage, the cells were allowed to differentiate into embryoid
body (EB) and teratomas as well as subjected to directed dif-
ferentiation toward pancreatic endocrine progenitors [16].

INS, PDX1, and FOXA2 mRNA expression in EBs and
teratomas was substantially greater for BiPSC than
PiPSC, FiPSC, and hESC, yet no significant differences
were found in genes for ectodermal, mesodermal, and en-
dodermal tissues. In addition, C-peptide protein was de-
tected in EBs derived from BiPSCs, but not from FiPSCs
or hESCs. Transplantation of BiPSC-derived pancreatic
endocrine progenitor cells in mice resulted in detectable
human C-peptide serum levels at 3 weeks, while hESC-
derived pancreatic endocrine progenitors exhibited C-
peptide levels that were an order of magnitude lower than
for BiPSCs after 6 weeks. Surprisingly, 6—7 weeks post-
transplantation BiPSC grafts had INS mRNA expression,
whereas the hESC grafts did not. It is possible that the
low passage number (P10-20) of the BiPSCs could ac-
count for the retention of the epigenetic somatic memory,
which is reduced with passaging [16]. Nonetheless, the
findings demonstrate the importance of the hiPSC somatic
origin (3 cells) for enhanced propensity for commitment
to a desired cell type, i.e., insulin-producing cells.
Therefore, BiPSCs may be better suited than hESCs for
differentiation toward insulin-releasing progeny and are
shown to mature faster in vivo.

BiPSCs from {3 cells have also been analyzed by an
assay for transposase-accessible chromatin with high-
throughput sequencing (ATAC-seq). Adult human islet
cells and FiPSCs were also included to find differential
open chromatin sites (DOCs) between the cell types that
could potentially explain the preferential differentiation of
BiPSCs toward endocrine pancreas-like cells. Compared
to fibroblast-DOCs, BiPSC-DOCs were enriched in
endoderm-development associated weak enhancers, biva-
lent enhancers/promoters, polycomb-repressed regions,
and FOXA?2 transcription binding factor sites. While the
observed patterns are related to early-stage endodermal
development, Bi-DOCS linked to genes in advanced stage
of commitment (e.g. PDXI, NKX2-2, and INS) were also
reported. Almost all of BiPSC-DOCs-associated genes
(99%) were related to open chromatin in human islets.
These findings suggest that epigenetic memory does exist,
however the BiPSCs were passage number 9—12, while
FiPSCs were 18-26, which could account for some of
these differences since extended passaging has been
shown to lessen epigenetic memory [17¢¢]. Combined
with the results reported by Bar-Nur et al. [16] these stud-
ies point to the fact that (3 cell-derived iPSCs exhibit
differences compared to other PSCs as they carry traits
of the source cells, increasing their proclivity for pancre-
atic cell specification.

hiPSCs Disease Modeling

One of the benefits of hiPSCs vs hESCs is the ability to derive
hiPSCs from individuals who have diabetes, thus creating a
cell line that has the potential to have characteristics of the
diseased state once differentiated toward the pancreatic line-
age. This is extremely beneficial for testing drugs on a relevant
human cell model as well as elucidating disease cellular mech-
anisms. For example, patients with diabetes have an increased
risk for cardiovascular disease, so Drawnel et al.
reprogrammed dermal fibroblasts from a patient with fast pro-
gression (FP) cardiovascular disease that appeared within
5 years of diabetes diagnosis and one with slow progression
(SP) and no cardiovascular disease after 15 years of T2D. FP-
and SP-iPSCs were differentiated into cardiomyocytes (FP-
CMs and SP-CMs). The cardiomyocyte score (striated pattern
of immunofluorescent o-actinin staining quantified by an al-
gorithm) of FP-CMs and SP-CMs was lower than standard
cardiomyocytes, representing sarcomeric disarray. In addition,
FP-CMs had a decreased calcium transient frequency, in-
creased irregular beat rate, and more intracellular peroxidized
lipids, indicating oxidative stress. SP-CMs had a phenotype
between FP-CMs and normal CMs with a lower cardiomyo-
cyte score but no significant reduction in calcium transient
frequency, irregular beat rate, or increased lipid peroxidation
[18]. The hiPSC-derived cardiomyocytes showed a difference
between FP and SP cardiovascular disease associated with
diabetes, which is very important for understanding the effects
of diabetes on cardiovascular health.

Human iPSCs have been derived from patients with T1D
and subjected to differentiation into pancreatic cells. The cell
lines were analyzed side-by-side with hESCs and hiPSCs
from a non-diabetic (ND) subject. The capability to differen-
tiate into SOX17" and FOXA2" (definitive endoderm) cells
was comparable among all lines, but there were intrapatient
clonal differences in HNF4A-/HNF1B- (primitive foregut
tube) and INS- and glucagon-expressing (islet) cells.
Analysis of differentially expressed genes confirmed that the
derived iPSC clones were similar to hESCs. Principal compo-
nent analysis (PCA) of the transcriptome array data resulted in
all iPSC clones from the T1D and ND patients and the hESC
line clustering together, but with some variation, most likely
due to the hESCs being cultured on feeder cells unlike the
hiPSCs. Upon differentiation of ND- and T1D-iPSCs toward
pancreatic endoderm, 71-95% were SOX17" and 80-99%
were CXCR4". Yet, the clones showed variable efficiency of
differentiation and although all clones at day 9 expressed
HNF4A transcripts, only 3 clones could reproducibly be spec-
ified to insulin-producing cells. Of note, some of the hiPSC
lines did not show significant downregulation of POU5F1
(OCT4) transcripts after differentiation, SOX2 expression
was not downregulated in advanced stages of differentiation
in one ND hiPSC line, and all clones had sustained ¢c-MYC
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presentation after 26 days of differentiation [19]. These results
showcase the significant variability among hiPSC lines even
when hiPSC lines are derived with the same method from the
same patient and tissue type. This warrants caution, since not
all observed differences between hiPSCs and their progeny
can be ascribed to the disease of the patient the cells were
derived from. In addition, hiPSC lines differentiate into pan-
creatic cells with varying efficiencies, suggesting that the dif-
ferentiation regimen requires line-specific optimization as
documented for different hESC lines.

Several types of maturity onset diabetes of the young
(MODY, hereditary form of diabetes caused by a gene muta-
tion in insulin production) exist. Therefore, studying these
mutations may help elucidate genes that play key roles in
insulin production and lead to better treatments of the disease.
Braverman-Gross et al. generated hiPSCs from two patients
with MODY 1, a disorder caused by a mutation in the HNF4A
transcription factor. The HNF4A-targeted genes with more
HNF4A binding sites were most affected by lower HNF4A
levels in MODY'1 hiPSC-derived cells. Additionally, the ef-
fect was more pronounced if the binding sites were closer to
the target gene transcription start site and if the target gene had
fewer binding sites for other transcription factors in its pro-
moter. However, no significant differentiation capacity differ-
ences were found between MODY | and control hiPSCs. The
expression of PAX6, NEURODI, NEUROG3, and NKX6-1
was only higher with limited significance in MODY1 cells
compared to control hiPSCs, which suggests a compensation
by MODY 1 hiPSCs to overcome the decreased HNF4A levels
[20e°]. A similar compensation mechanism was reported in
another MODY type, MODY5, where upregulation of pan-
creatic development regulators was suggested to overcome the
heterozygosity of HNF1B [21¢]. Analysis of the transcriptome
difference between MODY'1 and control cells showed an in-
crease in the expression of genes associated with lipoproteins,
pancreatic and hepatic roles of HNF4A in insulin and gluca-
gon secretion, lipid metabolism, and triglyceride biosynthesis
[20e], which correlates with MODY'1 patient dyslipidemia
and hyperinsulinemia [22].

Another study looked at the pancreatic differentiation of
MODY'1 derived hiPSCs from both diabetic and non-
diabetic subjects and a non-diabetic non-mutation carrying
individual in comparison to human islets. All of the hiPSCs
cell lines generated insulin-positive cells when differentiated,
suggesting that the HNF4 A mutation does not prevent expres-
sion of insulin genes or the commitment to insulin-producing
cells in vitro. However, the differentiated cells exhibited a
decreased glucose threshold for insulin release and did not
have proper glucose stimulated insulin secretion.
Additionally, global proteomic analysis was performed to dis-
cover molecular components that distinguish in vitro differen-
tiated cells from human islets. It was found that Urocortin-3 (a
marker of functionally mature (3 cells) and proconvertase 1

@ Springer

(involved in the insulin processing machinery) were increased
in human islets and MAFB and KI67 (proliferation marker)
were lower in comparison to in vitro-derived insulin-positive
cells, indicating that hiPSC-derived 3 cells are immature
[23]. This is consistent with most protocols for in vitro
pancreatogenic specification of hESCs and hiPSCs, which
require further (typically in vivo) maturation of the differenti-
ated cells to display proper insulin response to glucose stimu-
lation [24, 25]. While more studies are warranted, hiPSCs
derived from patients with MODY pathologies can be useful
as disease models.

Other disease-specific hiPSC line models related to diabe-
tes have been generated, including fulminant T1D [26¢],
Wolfram Syndrome Types 1 [27] and 2 [28], T1D [29, 30],
T2D [30], MODY3 [31, 32], and MODY1, MODY?2,
MODYS5, and MODYS [32]. When Wolfram Syndrome
Type 1 hiPSCs were differentiated into insulin-releasing cells,
their hormone production was lower and unfolded protein
response was greater than for non-diabetic hiPSCs [27].
Further use of disease-specific hiPSCs and how the genetic
differences affect differentiation down the pancreatic lineage
may serve to test new drugs as well as elucidate mechanisms
that lead to better understanding of disease pathology.

Discussion

Ideally, for comparative analysis between hESCs and
hiPSCs, the same culture conditions should be maintained
across all lines. Additionally, hiPSCs should be used at an
intermediate passage number > 15 for genetic aberrations
to be selected out. Footprint-free reprogramming methods
are preferable and using isogenic cells is ideal (i.e.,
reprogramming hESCs to hiPSCs). Reports aligned with
these requirements have demonstrated that the main cause
of differences between hESCs and hiPSCs was based on
genetic background. However, the type of somatic cells
used for derivation of iPSCs and the reprogramming
method also contribute to the characteristics of the
resulting lines, particularly their propensity for specifica-
tion to a particular fate. Hence, while there are no pro-
nounced differences between undifferentiated hESCs and
hiPSCs, significant discrepancies become evident among
their committed progeny.

Several studies have presented differentiation of hESCs
and hiPSC to 3 cell implementing protocols with marked
similarities. For example, Pagliuca et al. differentiated eight
hESC and four hiPSC and did high-glucose challenges. The
results showed a range for both hESCs and hiPSCs indicating
that the differentiation method exhibits no particular advan-
tage in terms of efficiency for hESCs or hiPSCs [25].

The data [16, 17+¢] thus far show that 3 cell-derived iPSCs
(BiPSCs) have a higher propensity to differentiate down the
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pancreatic lineage to insulin-secreting cells when compared to
non-f3 cell- and fibroblast-derived iPSCs, suggesting that the
use of BiPSCs may be advantageous for 3 cell replacement
therapy. A major consideration however is that obtaining 3
cells from diabetic patients with extensive (3 cell damage
would be very challenging and these patients would most
likely require immune suppression after implantation. More
importantly for T1D, a vexing issue is whether the derived
BiPSCs and their differentiated progeny will retain their
immunoprofile and if the patient’s body will destroy the de-
rived {3 cells. This concern can be alleviated through the ap-
plication of cell encapsulation methods, which are in contin-
uous development.

Variations in the proclivity for efficient pancreatogenic
specification among different hESC and hiPSC lines (even
when derived from the same patient and tissue [19]), dictate
the need for optimization of a differentiation protocol for each
cell line. Such optimization can be very time- and resource-
intensive. To this end, a rapid screen that allows selection of
the best stem cell line(s) with the highest efficiency of func-
tional {3 cell differentiation given a specific protocol would be
helpful. The process can rely on the evaluation of stage-
specific markers similar to the common practice of assessing
differentiation. For example, Siller et al. determined hPSC
endodermal potential based on definitive endoderm morphol-
ogy [33] and Nishizawa et al. evaluated hiPSC hematopoietic
differentiation based on cell line DNA methylation, gene ex-
pression, and chromatin structure [34]. Alternatively, an assay
for fast evaluation of multiple differentiation regimens in par-
allel would be highly desirable. Such assays however, should
be followed by detailed assessment of the function (e.g.,
GSIS, metabolic rate, Ca>* transients) of the differentiated
cells. Unfortunately, the screen would only be protocol-spe-
cific, but there would most likely be overlap of lines that have
greater pancreatic lineage differentiation potential.

Another important aspect of diabetes therapy is un-
derstanding the mechanisms of pathology. hiPSCs pro-
vide a unique opportunity to create hiPSC lines from
individuals with diabetes and differentiate them to tissue
types affected by the disease. hESCs require genetic
manipulation to induce a particular mutation(s). As
reviewed above, many hiPSC models for different types
of diabetes have been generated and some have been
coaxed into insulin-producing cells. These disease
hiPSCs are excellent tools for elucidating disease-
related faulty mechanisms, testing available drugs, and
guiding the development of effective treatments. The
shortcomings of hiPSC-based disease models include
somatic cell epigenetic memory, reprogramming-induced
changes, variation between same patient-derived hiPSCs,
lack of cells from diseases that cause embryonic lethal-
ity, and variable reprogramming efficiency depending on
cell type.

Conclusion

Overall, there appear to be no major differences between
hiPSCs and hESCs that make a particular hPSC type unsuit-
able for f3 cell replacement therapy. Epigenetic memory seems
to help 3 cell-derived hiPSCs to have increased pancreatic
differentiation potential compared to fibroblast- or non-f3 cell-
pancreatic cell-derived hiPSCs and hESCs. It has yet to be
seen if these 3 cell-derived hiPSCs are fully functional 3 cells
with physiological GSIS, matching hESC-derived f3 cells that
have been matured in vivo. Furthermore, hiPSCs are effective
genetic disease models for studying diabetes and can serve to
test drugs and help discover novel diabetes cell mechanisms.
Based on the studies so far, it appears that hiPSCs are equally
as good as hESCs for 3 cell replacement if not better and are
the best for creating diabetes disease models.
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