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ABSTRACT
Amniotic fluid stem cells (AFSC) represent an attractive potential cell source for fetal and pediatric cell-
based therapies. However, upgrading them to pluripotency confers refractoriness toward senescence,
higher proliferation rate and unlimited differentiation potential. AFSC were observed to rapidly and
efficiently reacquire pluripotency which together with their easy recovery makes them an attractive cell
source for reprogramming. The reprogramming process as well as the resulting iPSC epigenome could
potentially benefit from the unspecialized nature of AFSC. iPSC derived from AFSC also have potential in
disease modeling, such as Down syndrome or b-thalassemia. Previous experiments involving AFSC
reprogramming have largely relied on integrative vector transgene delivery and undefined serum-
containing, feeder-dependent culture. Here, we describe non-integrative oriP/EBNA-1 episomal plasmid-
based reprogramming of AFSC into iPSC and culture in fully chemically defined xeno-free conditions
represented by vitronectin coating and E8 medium, a system that we found uniquely suited for this
purpose. The derived AF-iPSC lines uniformly expressed a set of pluripotency markers Oct3/4, Nanog,
Sox2, SSEA-1, SSEA-4, TRA-1-60, TRA-1-81 in a pattern typical for human primed PSC. Additionally, the cells
formed teratomas, and were deemed pluripotent by PluriTest, a global expression microarray-based in-
silico pluripotency assay. However, we found that the PluriTest scores were borderline, indicating a unique
pluripotent signature in the defined condition. In the light of potential future clinical translation of iPSC
technology, non-integrating reprogramming and chemically defined culture are more acceptable.
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Introduction

In humans, dermal fibroblasts represent a common cell source
for generation of induced pluripotent stem cells (iPSC). How-
ever, the requirement for skin biopsies and the need to expand
fibroblast cells for several passages in vitro before reprogram-
ming renders these cells an inconvenient source for generating
patient-specific stem cells.1 Amniotic fluid stem cells (AFSC),
on the contrary, can be easily and rapidly isolated from second
trimester amniocentesis samples, representing source cells for
reprogramming into autologous iPSC that can be performed
before birth and used in future therapies. AFSC, representing
fetal mesenchymal stem cells, have been shown to be broadly
multipotent, bordering on pluripotency,2 with a high prolifera-
tion potential. These characteristics make them highly amena-
ble for reprogramming. AFSC themselves are being explored in
light of their potential to be used in tissue engineering-based

therapies directly.3-5 However, proliferation and differentiation
capacity of mesenchymal stem cells dwindles with prolonged
culture6 and aberrant DNA methylation pattern at specific
CpG sites were observed in late-passage mesenchymal stromal
cells.7 Epigenetic instability was observed in the form of loss of
parental allele-specific imprinting of the genes encoding insu-
lin-like growth factor 2 (IGF2), H19, small nuclear ribonucleo-
protein polypeptide N gene (SNRPN), and mesoderm-specific
transcript (MEST), eliciting unwanted activity of these alleles in
AFSC beyond 8 passages.8 Loss of imprinting is implicated in a
large variety of human tumors.9

iPSC tend to retain methylation signatures associated
with tissues that the source cells for reprogramming are iso-
lated from and these signatures render the differentiation of
iPSC biased toward their tissue of origin.10 Considering that
the AFSC are isolated early in the fetal development and
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that their phenotype is mesenchymal but partially poised on
the verge of pluripotency,2,11 their level of commitment is
low and thus conceivably allows their epigenetic landscape
to be more open to remodeling. Therefore, iPSC derived
from AFSC have the potential to address the differentiation
bias of iPSC derived from more differentiated cells as differ-
entiation stage of cells has been shown to have a strong
impact on the efficiency and kinetics of reprogramming.12

Upgrading AFSC to full pluripotency is an attractive option
that has the potential to provide iPSC that can undergo
dozens of passages, be expanded in very high numbers, pos-
sibly in scalable suspension bioreactors,13 and are capable of
differentiating into any cell type of the body while main-
taining genetic stability for over 25 passages and more than
3 months in culture in serum-free conditions.14 Indeed,
AFSC were found to be more rapidly and efficiently reprog-
rammed into iPSC compared to adult cells.15,16 Transcrip-
tome analysis revealed that the expression of key
senescence-associated genes is down-regulated upon the
induction of pluripotency in primary AFSC.17 In addition
to potential regenerative medicine applications, AFSC pos-
sessing trisomy 21 mutation can be used to derive iPSC to
serve in modeling of the Down syndrome as impaired neu-
rogenesis has recently been observed using these iPSC.18

AFSC from b-thalassemia patients were found to serve as a
rapid and efficient cell source for reprogramming into
iPSC.19 However, in these studies, virus-based integrating
reprogramming approach or integrating approach with sub-
sequent excision and feeder-based iPSC culture were used.
Means of reprogramming somatic cells into iPSC that entail
either permanent or transient incorporation of vectors car-
rying reprogramming factors into the cell genome bears the
risk of insertional mutagenesis.

To address this issue a system of 3 non-integrating episomal
oriP/EBNA1 plasmid vectors involving reprogramming factors
OCT4, SOX2, NANOG, c-Myc, KLF4, coexpression linkers
IRES2 and SV40 large T gene (SV40LT, to offset the toxicity of
c-Myc) was developed.20 The reprogramming plasmids are
gradually lost from proliferating cells producing iPSC free of
transgenes potentially suitable for therapies. Low DNA
sequence variation was indeed found in iPSC derived using
non-integrating plasmid vectors.20 This combination of plas-
mids was used to derive iPSC in fully chemically defined
medium E8 with recombinant truncated human vitronectin
used as a culture vessel attachment factor, forming a xeno-free
culture system ready for the clinics.14

To overcome the limitations of serum-supplemented culture
systems and integrative reprogramming approaches, we sought
to identify the optimal route of derivation of high-quality iPSC
from AFSC in fully chemically defined conditions using non-
integrating episomal plasmids. This approach addresses the
inconsistencies arising from undefined nature of animal serum
and eliminates xeno-components. We derived iPSC from AFSC
collected from 3 patients using episomal and 1 using retroviral
reprogramming. Episomal iPSC were thoroughly characterized
applying the most stringent methods. We also characterized
the partially reprogrammed cells arising from incomplete pluri-
potency reacquisition which has a potential benefit for cancer
research.

Results

Characterization of amniotic fluid stem cells

Amniotic fluid stem cells have previously been characterized
as predominantly mesenchymal. Their ability to adhere to
tissue culture plastic makes them the dominant cell type in
primary cultures, despite amniotic fluid containing hetero-
geneous populations. In our laboratory setting, 100% of
amniotic fluid samples from patients (n D 24) yielded pri-
mary cultures highly proliferative for at least 8 passages.
The source amniotic fluid mixed with FCS-supplemented
EBM-2 medium with growth factors (bFGF, EGF, IGF) pro-
vided an ideal environment for adaptation of the cells to
adherent culture. The process took 5 days and another
5 days were needed for expansion before the first passaging.
Expression of MSC markers in AFSC was measured by flow
cytometry and revealed, with some variability, expression of
CD44, CD73, CD90, CD166 and CD105 antigens, while
hematopoietic stem cell markers CD34 and CD45 were
mostly negative (Fig. 1A, Table 1). Expression of ESC
markers Oct3/4 and Nanog was low, while dim Sox2 signal
was observed in over 30% of the cells. Interestingly, TRA-1-
60, TRA-1-81 and SSEA-4 antigen expression was variable
and reached 40%, 14% and 87% respectively, in AFSC9,
while AFSC12 exhibited poor evidence of the expression of
these markers (Fig. 1B, Table 1). Albeit inconsistent with
pluripotency, these characteristics could contribute to ame-
nability of AFSC toward reprogramming.

Optimizing culture conditions for AFSC reprogramming

For reprogramming purposes, we chose the Neon� Transfection
System as an efficient tool of plasmid delivery into the AFSC.
The optimal set of transfection parameters recommended by the
manufacturer for mesenchymal stem cells is 990 V, 40 ms and 1
pulse. We lowered the voltage to 950 V to help preserve the via-
bility of the cells. Applying these parameters, we transfected
AFSC17A with 3 reprogramming episomal plasmids and plated
the cells into EBM-2 supplemented with 5% FCS and growth
factors (bFGF, EGF, IGF), a medium supporting growth and
proliferation of AFSC. 9 days later, colonies of visibly smaller
cells emerged, morphologically resembling epithelial cells indi-
cating their mesenchymal to epithelial transition. In these initial
cultures, 9 colonies that emerged from 200.000 transfected cells
were observed when 2 mg of M2L, 3 mg of ET2K and 3 mg of
EN2K plasmids per 1 million cells was used. Increasing the con-
centrations of all plasmids to 5 mg did not result in higher num-
bers of MET cell colonies as only 1 colony with the above-
described morphology was observed, likely due to reprogram-
ming factor imbalance. On day 9, these initial cultures under-
went a secondary split, preventing overgrowth and enabling
testing of multiple culture conditions suitable for reprogram-
ming. We passaged the cells into combinations of 2 different
recombinant extracellular matrix attachment factors – StemAd-
here (Fig. 1C) and VTN (Fig. 1D) – and 2 different pluripotent
stem cell-specific media – E8, a serum-free and chemically
defined pluripotent stem cell supporting medium; mTeSR-1, a
rich, serum-free and defined pluripotent stem cell supporting
medium containing 1% of highly purified BSA. EBM-2
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supplemented with 5% FCS and growth factors (bFGF, EGF,
IGF), a medium supporting growth and proliferation of AFSC
was used as a control condition. mTeSR-1medium and StemAd-
here coating selected for cells that had already undergone the
MET and thus have acquired the epithelial morphology while
cells with typical spindle-shaped AFSC morphology were not
present. The epithelioid cells that survived and attached but did
not proliferate as 10 days later, the number of adherent epithe-
lial-like cells was unchanged. The combination of StemAdhere
coating and mTeSR-1 medium seemed to be highly selective
toward epithelioid cells and did not support the source AFSC,
therefore, this condition did not support reprogramming. The
cells survived, however, their proliferation stalled and the acqui-
sition of morphology typical for fully reprogrammed cells was
not observed. A similar effect was observed for cells grown on
StemAdhere coating in E8 medium in that only epithelioid cell
attached and survived. This condition did not support survival
and reprogramming of the source AFSC. AFSC attached and

survived on StemAdhere-coated culture vessels only in the con-
trol AFSC serum-containing growth medium.

VTN was much more supportive for AFSC growth and pro-
liferation and therefore, had a greater potential to support
reprogramming considering that the growth of source somatic
cells is necessary in its initial stages. VTN in combination of
mTeSR-1 was not sufficient to support robust cell growth of
both AFSC and partially reprogrammed cells as it still seemed
to be highly pluripotent stem cell-specific. VTN in combination
with the E8 medium provided an optimal support to epithelioid
cells. This condition also supported survival of AFSC and, for a
limited time, their proliferation. This transient growth support
of AFSC in this condition is important for the reprogramming
process. The epithelioid colonies were mechanically picked and
transferred onto VTN-coated vessels and cultured in E8
medium. The cells did not grow in compact colonies but stayed
in form of partially reprogrammed cells, some colonies failed
but some proliferated and their numbers expanded, allowing

Figure 1. Characterization of AFSC and optimization of the culture condition following episomal reprogramming. (A) Expression of MSC markers in AFSC measured by
flow cytometry. The expression pattern is similar to a typical MSC pattern, with some variability in CD90 and CD166. CD34 and CD45 expression were low. (B) Flow cyto-
metric analysis of ESC marker expression in AFSC. No Oct3/4 expression was observed, Nanog expression was negligible, dim Sox2 signal was seen in over 30% of the
cells. TRA antigen expression was observed in AFSC9 but not AFSC12. SSEA-1 expression was negligible, a bright SSEA-4 signal was found to be high in AFSC9 but much
lower in AFSC12. The pattern of ESC marker expression is not consistent with pluripotency, (C, D). Morphological transformation of AFSC in response to episomal plasmid
reprogramming, secondary passaging on day 9 and subsequent culturing on StemAdhere-coated plates in 2 different pluripotency-supporting media – mTeSR-1, E8.
AFSC growth medium was used as a control (C); and on VTN-coated plates in the same media (D). VTN in combination with the E8 medium supported emerging colonies
of epithelioid cells while StemAdhere and mTeSR-1 medium were non-permissive. Scale bars D 200 mm.
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for their characterization. Epithelioid clones mechanically
picked from VTN-E8 cultures transferred on VTN-coated ves-
sels and cultured in mTeSR-1 medium survived only briefly
and ultimately failed, which was consistent with the inability of
mTeSR-1 to support epithelioid cell growth.

To characterize proliferating epithelioid partially reprog-
rammed cells, we performed alkaline phosphatase staining
using the AP Live Stain, flow cytometry analysis of the expres-
sion of ESC markers Oct4, Sox2 and Nanog, as well as confocal
microscopy immunofluorescence analysis of the expression of
Oct3/4 and Nanog. AP Live Stain permits identification of
reprogrammed colonies and potentially marking them for fur-
ther expansion. AP Live Stain of epithelioid cells cultured for
18 days following reprogramming plasmid transfection, showed
that background fluorescence associated with the source AFSC
was relatively high. Epithelioid cells were seen on Figure 2A
(filled arrows). However, discreetly bright AP signal beyond
source AFSC background signal (hollow arrows) was not
observed in these cells, which was consistent with incomplete
reprogramming of the cells. A flow cytometric analysis of ESC

Figure 2. Characterization of partially reprogrammed epithelioid cells resulting from episomal reprogramming of AFSC. (A) Alkaline phosphatase staining of colonies of
partially reprogrammed cells before mechanical picking and expansion. Discreetly bright AP signal beyond background fluorescence (hollow arrows) was not observed,
confirming incomplete reprogramming (filled arrows). (B) Flow cytometric analysis of Oct4, Nanog and Sox2 in mechanically picked epithelioid colonies cultured for
14 days (30 days post-transfection) on VTN-coated plates in E8 medium. The profile corroborated incomplete reprogramming. Scale bars D 200mm. (C) Immunocyto-
chemical staining and confocal microscopy visualization of ESC markers Oct4 and Nanog in epithelioid cell colonies expanded for 4 passages post-transfection. Oct4
expression was clearly heterogeneous among the individual cells in the colonies ranging from cells where Oct4 is completely absent to Oct4 being represented by a
strong fluorescent signal. Nanog expression was not observed. As a control, we stained unreprogrammed AFSC for the same markers. These cells exhibited no Oct4 and
Nanog expression at all. Scale bar D 50 mm.

Table 1. Expression of MSC and ESC markers in AFSC measured by flow cytometry
shown as percent positive cells. Corresponding isotype controls IgG1, IgG3, IgG2a,
IgM precede actual markers and were matched across lines tested. AFSC showed
predominantly a mesenchymal stem cell phenotype and ESC marker expression
pattern inconsistent with pluripotency. However, expression of TRA-1-60, TRA-1-81
and SSEA-4 was detected in AFSC9 p D passage number.

MSC markes [%] ESC markers [%]

AFSC[2] AFSC[4] AFSC[7] AFSC[9] AFSC[12]
p4 p5 p6 p3 p5

IgG1k 3.87 3.92 4.05 IgG1k 2.05 2.04
CD44 99.92 99.95 98.17 Oct3/4 1.80 1.72
CD73 99.98 100.00 96.07 IgG1k 2.08 2.04
CD90 54.23 40.43 31.31 Nanog 5.71 6.01
CD166 99.80 99.98 62.82 IgG1k 2.06 2.14
CD45 5.13 26.46 5.09 Sox2 32.14 36.12
IgG1k 3.32 3.45 3.70 IgMk 2.09 2.00
CD34 18.49 20.17 9.06 TRA-1-60 40.29 1.35
IgG2a 3.07 3.24 6.04 IgMk 2.04 2.02
CD105 92.45 57.50 35.31 TRA-1-81 14.49 1.85
Cy2 2nd 2.23 0.85 2.64 IgG1k 2.17 2.12

SSEA-1 6.00 2.54
IgG3k 2.19 2.14
SSEA-4 86.84 28.98
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Figure 3. Analysis of ESC marker expression in fully reprogrammed AFSC and facilitation of full pluripotency acquisition by butyrate treatment in AFSC reprogrammed
using episomal plasmids. (A) Flow cytometric analysis of ESC marker expression in fully reprogrammed AF-iPSC[12] (retroviral reprogramming) at passage 10 cultured on
VTN-coated plates in E8 medium. The expression profile was analyzed alongside an episomally derived IISH1i-BM1 control iPSC line. (B) Flow cytometric analysis of ESC
marker expression in AFSC reprogrammed using episomal plasmids in E8 medium on VTN. All 3 lines of AF-iPSC (19, 20A, D1) showed ESC marker expression profile com-
parable to that of the control line. (C) Flow cytometric analysis of the expression of ESC-specific markers in iPSC grown on Matrigel-coated plates in mTeSR-1 medium. As
observed for VTN/E8-grown lines, all 3 lines of AF-iPSC showed ESC marker expression profile comparable to that of the control line. Matrigel and mTeSR-1 medium did
not support the episomal reprogramming process and only fully reprogrammed AF-iPSC could be expanded in this condition. (D) Morphology of the colonies of retrovir-
ally reprogrammed AF-iPSC[12], consistent with pluripotency. (E) Differences in morphology of partially reprogrammed AFSC cultured with no histone deacetylase inhibi-
tor versus ultimately fully reprogrammed cells in conditions supplemented with 25 mM sodium butyrate – E8 medium on VTN and mTeSR-1 medium on Matrigel.
Partially reprogrammed epithelioid cells were small and formed compact dome-shaped colonies, with a phase-bright edge. Fully reprogrammed cells were bigger with
high nucleus-to-cytoplasm ratio and formed flat colonies with a clearly defined phase-bright edge representing the typical pluripotent stem cell colony morphology.
Sodium butyrate enabled progression of partially reprogrammed cells to full pluripotency, otherwise the episomal reprogramming efficiency was prohibitively low. Scale
barsD 200 mm.
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marker expression in the transformed epithelioid cells cultured
for 14 days following mechanical picking (30 day post-transfec-
tion) on VTN-coated plates in E8 medium showed expression
of Oct3/4 in approximately 75%, dim Nanog signal in 15% and
Sox2 expression in around 96% of the population (Fig. 2B).
TRA antigen expression was not observed. Confocal micros-
copy analysis corroborated the flow cytometry data. Overlay
image of Oct3/4 and DAPI fluorescent signals as well as 3D
reconstruction (Fig. 2C) of the stained colony of the epithelioid
cells revealed heterogeneous expression of Oct3/4 in the colony.
AFSC at passage 4 were used as a control, revealing neither
Oct3/4 nor Nanog expression.

VTN/E8 support retroviral reprogramming of AFSC to
pluripotency

In order to test the ability of the chemically defined combina-
tion of VTN coating and E8 medium to support the process of
full reprogramming of AFSC into iPSC, we performed reprog-
ramming of AFSC12 at passage 4 by means of retroviral trans-
duction introducing Oct4, Sox2, Klf-4, c-myc (“Yamanaka
factors”). The host cells were cultured on VTN-coated vessels
in AFSC growth medium for 6 days following transduction. On
day 6, the medium was switched to E8 when epithelioid cells
emerged. Ultimately, the cells acquired typical pluripotent stem
cell morphology – high nucleus-to-cytoplasm ratio, growth in
compact flat colonies with well-defined, phase-bright edges
(Fig. 3D). Thus, VTN/E8 was readily permissive for the retrovi-
ral reprogramming of AFSC. Flow cytometry analysis con-
firmed typical expression of ESC markers in the reprogrammed
cells at passage 10, showing a pattern similar to one of control
episomally derived iPSC line IISH1i-BM1 (Fig. 3A, Table 2).
Leaving c-myc out of the reprogramming cocktail led to no
signs of reprogramming.

VTN/E8 support episomal reprogramming of AFSC to
pluripotency

Considering only VTN coating together with the E8 medium
presented a permissive condition for reprogramming, we

revisited non-integrative reprogramming in this condition
using episomal plasmids. Transfecting AFSC lines derived from
3 patients with the reprogramming plasmids led to formation
of epithelioid cell colonies. They were first visible 5-6 days fol-
lowing transfection. Secondary split was performed to prevent
overgrowth of the source AFSC. At the time of the secondary
split, on average 9.7 § 1.7 of MET colonies had emerged per
100.000 cells. Supplementing transfected AFSC with 25 mM of
sodium butyrate (a histone deacetylase inhibitor) at the time of
the secondary split elicited progression further in the direction
of pluripotency reacquisition. 12 days following secondary split,
colonies of cells with typical ESC/iPSC morphology were ready
for mechanical picking and expansion. The picked colonies
were transferred and expanded equally well on VTN-coated
vessels in E8 medium (3 clones each patient) and Matrigel-
coated vessels in mTeSR-1 medium (3 clones each patient).
Without sodium butyrate, the MET cells never progressed
toward full pluripotency (Fig. 3E). The expression of ESC
markers at an early passage by flow cytometry (including Oct3/
4, Nanog, Sox2, TRA-1-60, TRA-1-81, SSEA-1 and SSEA-4) in
3 lines of episomally reprogrammed AFSC (AF-iPSC) – 19,
20A, and D1 – grown in VTN-coated vessels in E8 medium
was consistent with the control IISH1i-BM1 iPSC line (Fig. 3B,
Table 2). The same pattern was observed for the expression of
ESC markers in AF-iPSC at an early passage grown on Matrigel
in mTeSR-1 medium (Fig. 3C, Table 2).

Mature iPSC derived from AFSC display typical
pluripotency characteristics

In their mature state at passages over 20, AF-iPSC display typi-
cal characteristics of pluripotent stem cells. Flow cytometric
analysis of ESC markers Oct3/4A, Nanog, Sox2, TRA-1-60,
TRA-1-81 and SSEA-4 revealed their expression in the absolute
majority of cells of all 3 iPSC lines (19, 20A, and D1) approach-
ing 100%. SSEA-1 was expressed in negligible portions of the
cell populations analyzed. The ESC marker expression pattern
was identical to the WA25 control ESC line, however, minor
differences in Nanog and TRA antigen expression levels were
observed (Fig. 4, Table 3). Subsequent confocal microscopy-

Table 2. Expression of ESC markers measured by flow cytometry and shown as percent positive cells in early-passage fully reprogrammed retroviral AF-iPSC (19, 20A, D1),
episomal AF-iPSC grown in VTN/E8 and episomal AF-iPSC grown in Matrigel/mTeSR-1 conditions. IISH1i-BM1 control iPSC line was included. All lines show ESC marker
expression pattern consistent with pluripotency.

Retroviral [%] Episomal VTN/E8 [%] Episomal Matrigel/mTeSR-1 [%]

IISH1i BM1 12 IISH1i BM1 19 20A D1 IISH1i BM1 19 20A D1
p16 p10 p20 p5 p5 p6 p17 p5 p5 p4

IgG1k 2.02 2.06 2.33 2.00 2.06 2.07 2.07 2.04 2.11 2.08
Oct3/4 92.12 95.65 99.60 96.90 98.22 97.23 99.47 99.06 96.59 97.56
IgG1k 2.04 2.01 2.10 1.98 2.01 2.07 2.05 2.05 2.10 2.01
Nanog 90.24 93.87 96.35 88.21 93.64 88.01 98.97 95.16 95.06 88.11
Sox2 100.00 100.00 99.99 99.97 99.93 99.92 99.95 99.98 99.84 99.73
IgMk 3.08 3.23 3.17 3.03 3.08 3.11 3.09 3.13 3.12 3.04
TRA-1-60 79.41 65.58 96.76 81.31 76.85 94.84 92.99 78.50 72.21 89.74
IgMk 3.04 3.31 3.25 2.94 2.99 3.05 3.13 3.03 3.09 3.12
TRA-1-81 27.79 22.67 76.66 27.84 29.20 69.77 29.48 14.06 8.95 27.18
IgG1k 3.22 3.38 3.04 3.09 3.05 3.02 3.11 3.04 2.98 3.04
SSEA-1 5.90 6.34 7.49 6.39 9.93 11.62 4.11 4.72 5.56 4.78
IgG3k 3.30 3.40 3.02 3.18 3.06 2.97 3.00 3.07 2.94 3.00
SSEA-4 94.34 99.67 99.96 99.90 99.86 99.90 99.88 99.86 98.81 99.53
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based immunocytochemical analysis confirmed the presence
and localization of the individual ESC markers in all AF-iPSC
lines in parallel (Fig. 5). All AF-iPSC lines formed teratomas
upon injection of the cells subcutaneously into immunocom-
promised scid-beige mice within 6 to 9 weeks. The cells were
injected as clumps to prevent dissociation-induced cell death.
H&E staining and subsequent histological analysis confirmed
presence of tissues representative of all 3 germ layers, demon-
strating pluripotency of the injected cells (line 19 shown on
Fig. 6A). Alkaline phosphatase activity was assayed using AP
Live Stain in all lines in parallel. Flow cytometry revealed alka-
line phosphatase to be active in the majority of the cells
(Fig. 6B). We subjected global transcriptome data derived from
AF-iPSC lines and WA25 to an alternative measure of pluripo-
tency known as PluriTest. All lines were deemed pluripotent by
the test, however, they were flagged as “further evaluate” and
their pluripotency and novelty scores intersected at points clus-
tered off the red spot on the pluripotency/novelty plot. This
spot represents the cluster area of validated PSC lines grown in
feeder layer-based culture conditions and used for PluriTest
training. These data indicate a unique transcriptional profile of
PSC lines cultured on VTN-coated vessels in E8 medium
(Fig. 6C, Table 4).

Discussion

AFSC are an attractive cell source for reprogramming due
to their unspecialized nature and the fact that they can be
easily isolated and cultured before birth.2-5 In order for the
clinical translation of in-vitro cell-based therapies to pro-
ceed, chemically defined media free of animal components
for growth and proliferation of the cells need to be devel-
oped. Chemically defined E8 medium free of animal com-
ponents for growth and proliferation of pluripotent stem
cells has been developed. The medium also supports growth
and proliferation of fibroblasts.14 Reprogramming process
has been shown to be more efficient when chemically
defined media were used.14,24

Expression of MSC markers indicated a mesenchymal phe-
notype of AFSC but with some unique properties as variability

and deviation in CD90, CD166 and CD105 was observed, while
markers of hematopoietic stem cells CD34 and CD45 were low.
ESC markers Oct3/4, Nanog, Sox2, TRA and SSEA antigens
were not expressed in a pluripotent pattern, however, weak
Sox2 expression, variable TRA antigen and SSEA-4 expression
was observed. Along with a high proliferative potential, these
features could render AFSC highly amenable toward reprog-
ramming. To this end, we sought to reprogram AFSC using
episomal plasmids, an approach that would enable derivation
of transgene-free iPSC. We used a combination of oriP/
EBNA1-based episomal vectors described previously.20 Gener-
ally, in the absence of drug selection, oriP/EBNA-1 episomes
are lost at around 5% per cell generation due to defects in plas-
mid synthesis and partitioning and thus, cells devoid of plas-
mids can easily be isolated.20,25 The transient expression of
pluripotency genes forces the expression of the endogenous
pluripotency genes.26

Reprogramming plasmids introduced into the source AFSC
gave rise to epithelioid cell colonies. Acquisition of epithelial
cell properties, reduced size and compact cell-cell interaction,
through MET is one of the earliest events in reprogramming of
somatic cells to iPSCs.26-30 Another 4 days of culture allowed
for optimal number and size of the epithelioid colonies while
further culture would lead to overgrowth of unreprogrammed
AFSC. Secondary passaging allowed for testing of reprogram-
ming supporting capacity of 2 different ECM matrix culture
vessel coatings – VTN and StemAdhere; and 2 different media
– E8, mTeSR-1 (rich, BSA-containing medium). AFSC growth
medium was included as a control. Culture conditions involv-
ing StemAdhere coating and mTeSR-1 provided poor or no
support to the source AFSC, disabling the roughly 3-week long
reprogramming process. On the other hand, VTN in combina-
tion with E8 medium showed excellent ability to support
reprogramming because the survival of the AFSC in this condi-
tion was limited but not eliminated, tipping the balance in favor
of cells in the process of pluripotency acquisition.

Partially reprogrammed epithelioid cells continued to
slowly proliferate in VTN/E8. Alkaline phosphatase was not
active in these cells. Flow cytometry analysis revealed acti-
vation of Oct3/4 and Sox2 while Nanog and TRA antigens
were expressed at low levels or absent. Confocal microscopy
analysis corroborated the flow cytometry data. Oct3/4
expression was heterogeneous. Activation of ESC markers is
not complete at intermediate stages of reprogramming.31-33

Some data indicate that activation of Nanog is a rate-limit-
ing step in reprogramming and tends to be activated later
in the process.34 TRA antigens have been implicated to rep-
resent markers capable of distinguishing between partially
and fully reprogrammed cells.24 The morphology as well as
the expression pattern of ESC markers in transformed
AFSC demonstrated that the progression toward pluripo-
tency was arrested at the partially reprogrammed stage.
Notably, incomplete reprogramming has recently been
implicated in driving of dysplasia leading to undifferentiated
tumor development in various tissues in mice by means of
altered epigenetic regulation.35 Therefore, the partially
reprogrammed cells described here as a product of episomal
reprogramming could provide a window of opportunity in
studying epigenetic dysregulation leading to cancerous

Table 3. Flow cytometric analysis of the expression of ESC markers in AF-iPSC (19,
20A, D1) in their mature state grown in VTN/E8 Control ESC line WA25 was
included. All lines showed typical ESC marker expression profile, consistent with
pluripotency.

[%]

WA25 19 20A D1
p24 p22 p27 p27

IgG1k 1.96 1.51 1.51 1.48
Oct3/4A 99.67 99.99 99.99 99.98
Nanog 89.72 99.98 100.00 100.00
Sox2 99.98 99.96 99.95 100.00
IgMk 2.67 2.81 2.44 2.56
TRA-1-60 92.88 99.99 99.98 99.91
IgMk 2.68 2.81 2.41 2.45
TRA-1-81 74.52 99.98 99.97 99.80
IgG1k 2.05 2.31 2.01 2.30
SSEA-1 14.00 6.15 2.30 5.74
IgG3k 2.13 2.13 2.04 2.08
SSEA-4 99.96 100.00 100.00 100.00
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transformation. VTN/E8 seems to reproducibly provide
ideal conditions for their derivation and expansion in the
absence of butyrate. Parallels between tumorigenesis and

reprogramming/dedifferentiation have indeed been the sub-
ject of speculation for some time. An alternative view of
cancer based on these parallels may be of clinical benefit.36

Figure 4. Flow cytometric analysis of the expression of ESC markers in AF-iPSC in their mature state grown in VTN/E8. All 3 lines of AF-iPSC (19, 20A, D1) showed typical
ESC marker expression profile, comparable to that of a control ESC line WA25 also derived and cultured in VTN/E8. The WA25 line showed slightly lower intensities of
Nanog and TRA antigen expression and it was more prone to spontaneous differentiation in culture.
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After identifying that VTN coating and E8 medium were
optimal for partially reprogrammed MET cell growth, we con-
firmed that the combination was indeed readily permissible for
reprogramming of AFSC into cells with fully reprogrammed

morphological and molecular characteristics. This was initially
achieved using a much more efficient retroviral approach.
However, the progression of partially reprogrammed cells to
full pluripotency had to be facilitated in order to make the

Figure 5. Confocal microscopy-based immunocytochemical analysis of the expression of ESC markers in AF-iPSC in their mature state grown in VTN/E8. Images of colonies
of D1 line are depicted on the figure. Oct3/4A, Nanog and Sox2 displayed clear signal localized in the nucleus while TRA-1-60, TRA-1-81 and SSEA-4 displayed surface
localization. SSEA-1 was negative. The projections were reconstructed from the fluorescence signal spanning all of the individual scanned slices using the Maximum Inten-
sity Projection algorithm. The first column contains DAPI images, second column contains marker fluorescence, third column contains DAPI and marker overlay images
and the fourth column contains a single-slice leftover transmitted light-based representation of the same colonies. Scale bar D 50 mm.
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episomal plasmid-based reprogramming possible. Drastic chro-
matin reorganizations of the somatic state into the ESC-like
state were implicated in the reprogramming process numerous
times. Histone acetylation was shown to be enriched in ESC
compared to differentiated cells.37-39 Butyrate improves reprog-
ramming by reducing the frequency of partially reprogrammed
cells.14,32,40,41 Treatment of the transfected AFSC starting at the
time of the secondary split with 25 mM of sodium butyrate
enabled progression to full pluripotency, otherwise, the reprog-
ramming efficiency was prohibitively low. The pluripotent col-
onies possessed typical morphological features of primed
pluripotent stem cells – high nucleus-to-cytoplasm ratio, prom-
inent nuclei and nucleoli, flat colonies with phase-bright edges
– and were expanded equally well on VTN-coated vessels in E8

medium as well as Matrigel-coated vessels in mTeSR-1
medium. At an early passage, flow cytometric analysis of the
expression of ESC markers revealed similar profiles across AF-
iPSC lines and the control episomally derived IISH1i-BM1
iPSC line. The expression profile observations were made for
both culture system combinations – VTN/E8 and Matrigel/
mTeSR-1.

We cultured the derived lines of iPSC for almost 40 pas-
sages. In their mature state at passages over 20, the cells exhib-
ited typical characteristics of pluripotent stem cells. Flow
cytometry and confocal microscopy confirmed typical expres-
sion pattern of ESC markers, identical to WA25 ESC line
derived and cultured in VTN/E8 condition, representing an
ideal control. However, WA25 exhibited a relatively higher fre-
quency of spontaneous differentiation in culture, consistent
across multiple passages, which reflected Nanog and TRA anti-
gen fluorescence measured at slightly lower values. Alkaline
phosphatase was active in all 3 iPSC lines. The data are indica-
tive of homogeneous and high-quality cultures. Furthermore,
the antibody we used to profile Oct3/4 expression was specific
to its pluripotency-related splice variant – Oct3/4A – active in
ESC and embryos beyond the 8-cell stage as opposed to Oct3/
4B that is not related to pluripotency in these stages of embry-
onic development as well as lines of embryonic stem cells. Anti-
bodies that bind the Oct3/4B can potentially give false-positive
signals.42 Fluorescent intensity corresponding to Nanog

Figure 6. Demonstration of pluripotency in AF-iPSC by 3 methods – in-vivo xenografts, alkaline phosphatase activity and transcriptomics (A). Histological analysis (H&E
staining) of teratomas formed by means of in-vivo differentiation of AF-iPSC (19, 20A, D1). Cell clumps were injected subcutaneously into scid-beige mice and allowed to
proliferate and differentiate for 6 to 9 weeks. The resulting teratomas showed presence of various tissues representative of all 3 germ layers – endoderm, neuroectoderm,
mesoderm – demonstrating pluripotency of the injected cells. (B). Alkaline phosphatase activity in AF-iPSC measured by flow cytometry using AP Live Stain. The majority
of the cells displayed bright fluorescence, supporting their pluripotency. (C). PluriTest - global gene expression microarray data-based in-silico evaluation of pluripotency.
AF-iPSC and WA25 (control ESC line) were tested. Y axis – pluripotency score, X axis – novelty score. Red spot represents cluster area of validated PSC lines grown in stan-
dard feeder layer- and KSR-based culture condition. Blue spot represents the cluster area of differentiated cells. Faint blue spot represents the cluster area of partially plu-
ripotent stem cells. The pluripotency and novelty score both indicated pluripotency of the lines tested, however, the plot revealed a deviation from the red cluster area
indicating a unique expression signature possibly attributable to the defined culture condition.

Table 4. PluriTest - global gene expression microarray data-based in-silico evalua-
tion of pluripotency. “pluri-raw” – pluripotency score, “novelty” – novelty score,
RMSD – root mean square deviation. AF-iPSC lines (19, 20A, D1) and WA25 control
ESC line were deemed pluripotent by the test, however, pluripotency scores were
relatively lower and novelty scores relatively higher compared to values typical for
PSC grown in undefined feeder-based culture conditions.

pluri-raw pluri logit-p novelty novelty logit-p RMSD

19 p19 13.74 1 1.62 0.08 0.47
20A p23 17.63 1 1.7 0.16 0.48
D1 p23 8.35 1 1.66 0.11 0.47
WA25 p21 4.57 0.99 1.66 0.11 0.46
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expression was approximately 1 log decade dimmer compared
to Oct3/4A and Sox2. Confocal microscopy analyses showed
similar differences in the fluorescent signal and the images
were consistent with those published in a recent paper showing
Nanog expression in conventional human pluripotent stem
cells. Bright Nanog fluorescence was then shown to be a feature
of pluripotent stem cells that the authors converted into cells
with na€ıve properties.43

When injected subcutaneously into immunocompromised
scid-beige mice, the iPSC proliferated and differentiated into
teratomas consisting of tissues representative of all 3 germ
layers, demonstrating their pluripotency. However, teratoma
formation assay has been a target of criticism in the recent
years due to the fact that it is time-consuming, expensive and
more importantly, it lacks standardization. This assay would be
highly impractical for validation of pluripotency in patient-spe-
cific iPSC lines derived for the purposes of potential therapies.
Furthermore, partially reprogrammed cells have also been
shown to generate teratomas.24,44 The need for a fast, reliable,
sensitive and inexpensive pluripotency validation tool can be
addressed by deployment of the so-called “PluriTest.”45 This
bioinformatic test processes global expression microarray pro-
files acquired on the Illumina platform (HT-12 BeadChip) and
calculates the degree of pluripotency against a matrix of profiles
of well-established human pluripotent stem cell lines. The test
returns values for 2 different classifiers – pluripotency and nov-
elty scores – developed based on 2 differently constructed
metagene models. The pluripotency score is a measure as to
what extent a query transcriptional profile contains a pluripo-
tent signature; and the novelty score is a measure of how much
of the signal from the query can be explained by the normal
PSC lines contained in the matrix. The higher the pluripotency
score and the lower the novelty score, the more the gene
expression pattern resembles that of pluripotent stem cells in
the matrix. The test can easily discern partially and fully
reprogrammed cells with high resolution. The AF-iPSC lines
were deemed pluripotent by PluriTest. Owing to its high sensi-
tivity, slight variations in pluripotent signature can be picked
up by the test so it is well-suited for selection of clones with the
most faithfully reprogrammed configuration. AF-iPSC lines
and the control ESC line WA25 localized slightly off the red
spot that represents the cluster area of validated PSC lines
which were cultured on conventional MEF layers in KO-SR-
supplemented medium. WA25 is an ESC line that has been
derived in VTN/E8 conditions and not simply adapted to it
later. The culture condition differences are therefore the most
likely reason for our observation of the deviation. To this date,
few reports exist on PluriTest validation of PSC lines grown in
xeno-free, chemically defined conditions. A recent study
described episomal derivation of iPSC from novel urine cells as
well as adipose tissue-derived stromal cells under xeno-free
conditions.46 Among other tests, the authors utilized PluriTest
to determine the degree of pluripotency in the novel iPSC lines,
along with the control H9 human embryonic stem cell line,
also adapted to the xeno-free conditions. The individual lines
clustered in an area similar to that of AF-iPSC described here,
including the H9 control line (that exhibited the highest pluri-
potency score). Albeit the cells presented in this study as well
as our study were deemed pluripotent, it cannot be ruled out

that for the purposes of pluripotency degree calculation in PSC
lines cultured in chemically defined conditions, PluriTest might
need to be re-evaluated to account for slight deviations from
profiles of PSC cultured in conventional conditions. However,
this would mean rebuilding the entire PSC matrix of PluriTest.
Also, it cannot be ruled out that chemically defined conditions
that are often much more simple than the conventional coun-
terparts are not permissive to maintenance of the highest grade
of pluripotency in PSC that is only discernible using the high
resolution of tests like PluriTest. The latter would signify the
need for optimization of chemically defined culture conditions.

iPSC derived from AFSC are potentially an optimal cell
source for perinatal cell-based therapies but are also ideal for
modeling diseases like Down syndrome. Impaired neurogenesis
has been observed using iPSC derived from AFSC possessing
trisomy 21.18 AFSC from b-thalassemia patients were found to
serve as a rapid and efficient cell source for reprogramming
into iPSC.19 Additionally, their potential to provide a universal
cell source for allogeneic cardiac cell therapies has been
explored.47 However, in these studies, virus-based integrating
reprogramming approach or integrating approach with subse-
quent excision was used as well as feeder-based culture system.
More recently, transgene-free iPSC were derived from AFSC
employing a Sendai virus-based vector and were demonstrated
to efficiently differentiate into neural progenitors capable of
engrafting into the brain parenchyma of rats.48 However, the
iPSC were derived and cultured in undefined ESC-conditioned
medium on MEF layers though they could be transferred onto
feeder-free surfaces. Our work complements this study in that
it provides a method for derivation and culture of iPSC from
AFSC in a chemically defined medium. We also analyzed the
transcriptome of these cells using a global expression microar-
ray system and PluriTest capable of scrutinizing fine details of
the reprogramming outcome. Finally, we demonstrated the
ability of these cells to differentiate into tissues representative
of all 3 germ layers in a teratoma formation assay. While this
manuscript was in preparation, a study described reprograming
several adult and fetal cell types, including amniotic fluid stem
cells, using oriP/EBNA-1 episomal plasmids.49 The calculated
reprogramming efficiencies and the effect of additional reprog-
ramming modulators miR302/367 and Mbd3 are of practical
value. The iPSC were derived using the E8 medium, however,
Geltrex was used as the culture matrix which, together with
Matrigel, are undefined mixtures of extracellular matrix pro-
teins derived from mouse Engelbreth-Holm-Swarm sarcoma.
Additionally, teratoma formation and PluriTest scores were
not reported in this study.

Conclusion

Reprogramming of somatic cells using episomal plasmids carries a
compelling promise of a technology potentially capable of producing
induced pluripotent stem cells free of integrated transgene sequences.
AFSC represent a cell source that is easy to isolate and reprogram.
iPSC derived from AFSC could potentially be utilized in a range of
pediatric interventions, as they could be derived before birth, espe-
cially with recent advances in the reprogramming process. AFSC
appear to have unique culture or growth factor requirements. The
narrow range of optimal source AFSC growth and proliferation
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conditions limits the choice of conditions for reprogramming, there-
fore, identification of VTN/E8 as permissive is valuable. This condi-
tion is also uniquely suited for expansion of partially reprogrammed
epithelioid cells that may be of interest in cancer research. An in-
vitro model unaffected by inconsistencies of serum-supplemented
culture and uncompromised by potential genetic instability resulting
from transgene integration, would be desirable for both regenerative
medicine applications and diseasemodeling.

Materials and methods

Human amniotic fluid stem cell culture

Human amniotic fluid stem cells (AFSC) were cultured in
EBM-2 basal medium (CC-3156, Lonza, http://www.lonza.
com/products-services/bio-research/primary-cells/human-cells-
and-media/endothelial-cells-and-media/endothelial-cell-growth-
media-kits.aspx) supplemented with 20% (intial stages of AFSC
line derivation) or 5% (initial stages of reprogramming) fetal
calf serum (S1520, BioWest, http://www.biowest.net/products/
serum/fetal-bovine-serum/8311-fetal-bovine-serum-fbs-usa.html),
with selected recombinant growth factors – basic fibroblast
growth factor 50 ng/ml (GF003, Millipore, http://www.emdmillipore.
com/US/en/product/Fibroblast-Growth-Factor-basic-Protein%2C-
Human-recombinant,MM_NF-GF003), epidermal growth factor
25 ng/ml (GF144, Millipore, http://www.emdmillipore.com/US/
en/product/Epidermal-Growth-Factor-Protein%2C-Human-
recombinant,MM_NF-GF144) and insulin-like growth factor
20 ng/ml (GF138, Millipore, http://www.emdmillipore.com/
US/en/product/Insulin-like-Growth-Factor-I-Protein%2C-
Recombinant-human,MM_NF-GF138). AFSC cell lines were
obtained by mixing 2.5 ml of amniotic fluid with 3.5ml of cul-
ture medium, plating onto a T25 tissue culture flask and incu-
bating at 37�C and 5% CO2. The first medium change was
performed 4–5 days after seeding procedure to allow cell
adherence and clonal proliferation. On approximately day 10,
the adherent cell cultures were harvested using StemPro�

Accutase� (A1110501, Thermo Fisher Scientific, https://www.
thermofisher.com/order/catalog/product/A1110501?ICIDDsearch-
a1110501) and replated onto larger culture flasks and expanded up
to passage 4 to 6.

Retroviral reprogramming of AFSC

Viral particle assembly was carried out in Plat-E cells trans-
fected with individual pMXs vectors carrying GFP or Oct4,
Sox2, Klf4, c-Myc, and secreted into the DMEM medium
(11960-044, Thermo Fisher Scientific, https://www.thermo
fisher.com/order/catalog/product/11960044?ICIDDsearch-11960044)
supplemented with 5% FCS and GlutaMAX (35050-061,
Thermo Fisher Scientific, https://www.thermofisher.com/
order/catalog/product/35050061?ICIDDsearch-35050061)
overnight following transfection. Media were collected, 0.22
mm filtered and used for AFSC transduction immediately.
3 days prior to transduction, 5000 cells/cm2 were seeded in a
6-well plate coated with recombinant human vitronectin –
Vitronectin XFTM (07180, StemCell Technologies, http://www.
stemcell.com/en/Products/All-Products/Vitronectin-XF.aspx)

– in EBM-2 C 5% FCS and the growth factors bFGF 20 ng/ml,
EGF 25 ng/ml and IGF 20 ng/ml. On the day of transduction,
AFSC culture medium was replaced by a mixture of virus-con-
taining media of equal volumes with 2 mg/mL polybrene
(H9268, Sigma-Aldrich, http://www.sigmaaldrich.com/catalog/
search?termCh9268&interfaceCAll&NC0&modeCmatch%20
partialmax&langCen&regionCUS&focusCproduct) and sup-
plemented with bFGF, IGF and EGF. The source AFSC
were exposed either to viruses carrying all 4 reprogramming
genes (Oct4, Sox 2, Klf-4, c-myc) or 3 (c-myc excluded).
Transduction media were discarded after an overnight incu-
bation and for the following 5 days cells were cultured in
EBM-2 C 5% FBS and growth factors (bFGF, EGF, IGF)
with medium changes every other day. On day 5, the
medium was replaced with E8 medium.

Episomal reprogramming of AFSC

AFSC cells were reprogrammed by means of transfection with
non-integrating episomal/EBNA plasmids as previously pub-
lished.20 Plasmids were purchased in form of E. coli bacterial
stab cultures and were as follows: pEP4 E02S EN2K
(Oct4CSox2, NanogCKlf4; 20925 Addgene, http://www.addg
ene.org/20925/), pEP4 E02S ET2K (Oct4CSox2, SV40LTCKlf4;
20927 Addgene, http://www.addgene.org/20927/), pCEP4-M2L
(c-MycCLIN28; 20926 Addgene, http://www.addgene.org/
20926/). Stab cultures were streaked on Luria agar plates con-
taining 100mg/ml of Ampicillin. The plates were incubated for
8-12 hours at 37�C until individual bacterial colonies appeared.
The colonies were then transferred into stirred, air exchange-
allowing, bacterial culture bottles in Terrific Broth medium to
expand the bacterial cells in suspension. Suspension cultures
were maintained at 37�C for another 8-12 hours and while still
in log-phase of growth, bacteria were harvested by centrifuga-
tion at 6000 g for 15 min.

Plasmid DNA was isolated from bacterial pellets using a
commercial kit (12381, Qiagen, https://www.qiagen.com/us/
search.aspx?qD12381#&&pgD1) following the manufac-
turer’s instruction. In principle, the bacterial cells were left
to undergo alkaline lysis. DNA was then bound to a propri-
etary resin in a column. The resin with the bound DNA
was then washed and subsequently eluted. DNA was precip-
itated using isopropanol, resuspended in TE buffer and the
yield measured using the NanoDrop 2000 device (Thermo
Fisher Scientific, http://www.nanodrop.com/Productnd2000o
verview.aspx). All three plasmids were transfected into the
source cells using the Neon Transfection System (Thermo
Fisher Scientific, https://www.thermofisher.com/order/cata
log/product/MPK5000?ICIDDsearch-product) according to
the manufacturer’s instruction. The plasmid amounts per
1 million transfected cells were 3.0 mg pEP4 EO2S ET2K,
3.0 mg pEP4 EO2S EN2K, 2.0 mg pCEP4-M2L (combination
#19).20 The transfection parameters were 950 V, 40 ms and
1 pulse. Following transfection, the cells were plated into 6-
well plates and kept in the AFSC medium for the first 5-
9 days. Then, secondary split was performed and the cells
were plated directly into the iPSC medium. The medium
was changed daily.
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iPSC culture and freezing

For cell expansion, colonies of fully reprogrammed cells
with pluripotent stem cell-like morphology were first
mechanically picked from the original plate and then pas-
saged using EDTA (15575-020, Thermo Fisher Scientific,
https://www.thermofisher.com/order/catalog/product/15575020?
ICIDDsearch-15575020) diluted in PBS to 0.5mM.22 Medium
was removed, wells washed with EDTA and incubated with
1mL of EDTA per 10 cm2 at RT for 5 minutes. EDTA was
aspirated afterwards. Partially dissociated colonies were
mechanically released using the E8 medium and plated into
freshly coated wells. The iPSC culture media were as follows:
E8 medium (05940, StemCell Technologies, http://www.stem
cell.com/en/Products/All-Products/TeSR-E8.aspx), mTeSR-1
medium (05850, StemCell Technologies, http://www.stem
cell.com/en/Products/All-Products/mTeSR1.aspx). iPSC cul-
ture surfaces used were as follows: StemAdhereTM Defined
Matrix (07170, StemCell Technologies) and VTN. Control
induced pluripotent stem cell line IISH1i-BM123 and an
embryonic stem cell line WA25 used in this study were
obtained from WiCell Research Institute (http://www.wicell.
org/home/stem-cell-lines/order-stem-cell-lines/obtain-stem-cell-
lines.cmsx).

For the purpose of cryopreservation, pellets of EDTA-
harvested cell clumps were resuspended in CryoStorTMCS10
(07930 StemCell Technologies, http://www.stemcell.com/en/
Products/All-Products/CryoStorCS10.aspx), transferred into
cryovials and placed into freezing containers providing 1�C/
min cooling at ¡80�C. Following overnight incubation, the
cryovials were transferred to liquid nitrogen storage.

Alkaline phosphatase staining

Partially reprogrammed epithelioid cells were subjected to alka-
line phosphatase staining using Alkaline Phosphatase Live Stain
kit (AP Live Stain, A14353, Thermo Fisher Scientific, https://
www.thermofisher.com/order/catalog/product/A14353?ICIDD
search-a14353) according to the manufacturer’s instruction for
the purpose of identifying reprogrammed cells. Medium was
discarded from the adherent cultures, changed for DMEM/F-
12 containing diluted alkaline phosphatase substrate and
incubated for 30min. Then the colonies were washed twice
with DMEM/F-12 and inspected under an EVOS FL fluores-
cent microscope (Thermo Fisher Scientific, https://www.ther
mofisher.com/order/catalog/product/AMF4300?ICIDDsearch-
product). In mature iPSC, alkaline phosphatase activity was
measured using flow cytometry. Substrate diluted at the ratio of
1:2000 in the cell suspension was incubated for 30min, washed
twice with DMEM/F-12 and analyzed using FACSCanto II flow
cytometer using 20mW 488nm excitation-502LP-530/30BP for
detection (BD Biosciences, http://www.bdbiosciences.com/us/
instruments/research/cell-analyzers/bd-facscanto-ii/m/744810).

Flow cytometry

AFSC were harvested using StemPro Accutase for 7 min, iPSC
were harvested using EDTA for 15 min or StemPro Accutase
for 10 min. For the purpose of nuclear transcription factor

staining, the cells were washed with PBS, fixed in 2% formalde-
hyde diluted in PBS (28908, Thermo Fisher Scientific, https://
www.thermofisher.com/order/catalog/product/28908?ICIDD
search-product) for 20 min at RT and permeabilized by BD
Perm Buffer III (558050, BD Biosciences, http://www.bdbio
sciences.com/us/applications/research/t-cell-immunology/th-1-
cells/intracellular-markers/cell-signalling-and-transcription-fac
tors/buffers/perm-buffer-iii/p/558050) for 30 min on ice. Incu-
bation with directly labeled mouse anti-human monoclonal
antibodies (listed below) was carried out at 4�C for 45 min,
followed by 3 washes. For the purpose of surface antigen
staining, the cells were washed with PBS C 2% FCS, incubated
with the directly labeled mouse anti-human monoclonal anti-
bodies listed below for 20 min at RT and subsequently
washed. The cell suspension was analyzed using a FACSCanto
II flow cytometer. AlexaFluor 488 was detected with 20mW
488 nm excitation-502LP-530/30BP. AlexaFluor 647 was
detected with 17mW 633nm excitation-685LP-660/20BP.
The resulting data analysis was performed using FlowJo
10.0.7 (TreeStar, http://www.flowjo.com) and Kaluza 1.2 and
1.3 (Beckman Coulter, https://www.beckmancoulter.com/
wsrportal/page/itemDetails?itemNumberDB16407#2/10//0/25/
1/0/asc/2/B16407///0/1//0/).

Confocal microscopy

For the purpose of immunocytochemical labeling of AFSC
and iPSC, the cells were grown in E8 medium on VTN-
coated 24-well glass-bottom dishes (P24G-1.5-13-F, Mat-
Tek- http://www.glass-bottom-dishes.com/pages/dish-selec
tion-1.html). For surface antigen staining, the wells were
washed with PBS C 2% FCS. The cells were incubated with
the directly labeled mouse anti-human monoclonal antibod-
ies listed below for 20 min at RT and then washed with
PBS C 2% FCS. For nuclear transcription factor staining,
the wells were washed with PBS, fixed with 2% formalde-
hyde for 20 min at RT and permeabilized using BD Perm
Buffer III. Incubation with directly labeled mouse anti-
human monoclonal antibodies listed below was carried out
at 4�C for 45 min. Three washing steps were performed
with PBS C 2% FCS, each incubated for 10 min. DAPI
(D1306, Thermo Fisher Scientific, https://www.thermofisher.
com/order/catalog/product/D1306?icidDfr-dapi-1) was added
into the washing solution (800nM solution) and incubated for
5 min during one of the washing steps. Colonies were imaged
using either a Leica TSC SP2 confocal microscope (http://
www.leica-microsystems.com/products/confocal-microscopes/
details/product/leica-tcs-sp8/) or Nikon Ti-E with A1r-SI and
N-STORM confocal microscope (http://www.nikoninstruments.
com/Products/Light-Microscope-Systems/Super-Resolution/
N-STORM-Super-Resolution).

List of antibodies used in flow cytometry and
immunohistochemistry experiments

Antibodies were purchased from the following sources: BD Bio-
sciences (http://www.bdbiosciences.com/us/reagents/c/reagents),
BioLegend http://www.biolegend.com/productstab), Immu-
notools (http://www.immunotools.de/html/english.html) and
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Jackson Immunoresearch (https://www.jacksonimmuno.com/
catalog/22).

Intracellular staining: mouse anti-human monoclonal Alex-
aFluor 488-conjugated anti-Oct3/4 (560253, BD) or AlexaFluor
488-conjugated anti-Oct3/4A (561628, BD), AlexaFluor 647-
conjugated anti-Oct3/4A (562252, BD), AlexaFluor 488-conju-
gated anti-Nanog (560791, BD) AlexaFluor 647-conjugated
anti-Nanog (561300, BD), AlexaFluor 647-conjugated anti-
Sox2 (561593, BD). Surface staining: mouse anti-human mono-
clonal AlexaFluor 488-conjugated anti-TRA-1-60 (330614,
BioLegend), AlexaFluor 647-conjugated anti-TRA-1-81
(330706, BioLegend), AlexaFluor 488-conjugated anti-SSEA-1
(560120, BD), AlexaFluor 647-conjugated anti-SSEA-4
(560308, BD). Isotype controls for these markers were matched
in concentrations: AlexaFluor 488-conjugated mouse IgG1k
(557782, BD), AlexaFluor 647-conjugated mouse IgG1k
(557783, BD), AlexaFluor 488-conjugated mouse IgMk

(401617, BioLegend), AlexaFluor 647-conjugated mouse IgMk

(401618, BioLegend), AlexaFluor 488-conjugated mouse IgG1k
(400129, BioLegend), AlexaFluor 647-conjugated mouse IgG3k
(401321, BioLegend).

Antibodies used in flow cytometric analysis of AFSC for the
purpose of mesenchymal stem cell marker expression analysis
were: mouse anti-human monoclonal IgG1k isotype control
(400102, BioLegend), CD44 (sc-59758, Santa Cruz), CD73
(344002, BioLegend), CD90 (328102, BioLegend), CD166
(343902, BioLegend), FITC-conjugated IgG1k isotype control
(21275513S, ImmunoTools), FITC-conjugated CD34
(21270341, ImmunoTools) and goat anti-mouse Cy2-conju-
gated secondary antibody (115-225-003, Jackson
ImmunoResearch).

Teratoma formation assay

All animal experiments were approved by the IACUC of the
University of South Alabama (protocol number 277067-4) and
carried out at the vivarium of the Department of Comparative
Medicine at the College of Medicine (Assurance Number
A3288-01; AAALAC accredited). iPSC colonies were harvested
from the 6-well culture plates by EDTA as described above and
resuspended in 1:1 mixture of E8 medium and Matrigel. Sus-
pension of cell clumps containing between 500.000 to 1 million
of cells were injected subcutaneously into both flanks of immu-
nocompromised scid-beige mice (Taconic Biosciences, http://
www.taconic.com/mouse-model/scid-beige), 3 animals per line.
6 to 9 weeks post-injection, the teratomas were excised, fixed in
formalin and processed for standard H&E histological analysis.
The presence of tissues representative of all 3 germ layers was
verified by a pathologist.

PluriTest transcriptional profiling

RNA was extracted from iPSC cultures using RNeasy Plus Mini
kit (74134, Qiagen, https://www.qiagen.com/us/shop/sample-
technologies/rna-sample-technologies/total-rna/rneasy-plus-
micro-and-mini-kits). Whole genome expression analysis was
performed by the HudsonAlpha Institute for Biotechnology
Genomic Services Laboratory (http://gsl.hudsonalpha.org/
index) using the Human HT-12 v4 Expression BeadChip

microarray system (Illumina, http://www.illumina.com/prod
ucts/humanht_12_expression_beadchip_kits_v4.html). For
pluripotency level analysis, the raw idat files were uploaded to
PluriTest through a web-based interface at www.pluritest.org.

Abbreviations

AAALAC Association of Assessment and Accreditation
of Laboratory Animal Care

AF-iPSC induced pluripotent stem cells derived from
amniotic fluid stem cells

AFSC amniotic fluid stem cells
AP alkaline phosphatase
bFGF basic fibroblast growth factor
BSA bovine serum albumin
DAPI - 40,6-diamidino-2-phenylindole
E8 pluripotent stem cell-specific growth medium

published by Chen et al. (2011)
EDTA ethylenediaminetetraacetic acid
ESC embryonic stem cells
FCS fetal calf serum
IACUC Institutional Animal Care and Use Committee
IGF insulin-like growth factor
iPSC induced pluripotent stem cells
IRES2 internal ribosome entry site
KO-SR KnockOutTM Serum Replacer;
MET mesenchymal-to-epithelial transition
MSC mesenchymal stem cells
oriP/EBNA-1 plasmid origin of viral replication/Epstein-Barr

nuclear antigen-1
PSC pluripotent stem cells
RT room temperature
SV40LT SV40 large T antigen
TE - Tris/EDTA
TGFb transforming growth factor b
VTN vitronectin (Vitronectin XFTM)
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