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these and other important pancreatic genes was achieved 
by growing the triply infected AFS cells in media supple-
mented with a combination of B27, betacellulin and nicotin-
amide, as well as culturing the cells on extracellular matrix-
coated plates. The expression of pancreatic genes such as 
NEUROD1, glucagon and insulin progressively decreased 
with the decline of adenovirally expressed PDX1, NGN3 and 
MAFA. Together, these experiments suggest that forced ex-
pression of pancreatic transcription factors in primate AFS 
cells induces them towards the pancreatic lineage. 
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 Abstract 

 Insulin therapy for type 1 diabetes does not prevent serious 
long-term complications including vascular disease, neu-
ropathy, retinopathy and renal failure. Stem cells, including 
amniotic fluid-derived stem (AFS) cells – highly expansive, 
multipotent and nontumorigenic cells – could serve as an 
appropriate stem cell source for  � -cell differentiation. In the 
current study we tested whether nonhuman primate (nhp)
AFS cells ectopically expressing key pancreatic transcription 
factors were capable of differentiating into a  � -cell-like cell 
phenotype in vitro. nhpAFS cells were obtained from Cyno-
molgus monkey amniotic fluid by immunomagnetic selec-
tion for a CD117 (c-kit)-positive population. RT-PCR for endo-
dermal and pancreatic lineage-specific markers was per-
formed on AFS cells after adenovirally transduced expression 
of  PDX1 ,  NGN3  and  MAFA.  Expression of MAFA was sufficient 
to induce insulin mRNA expression in nhpAFS cell lines, 
whereas a combination of MAFA, PDX1 and NGN3 further 
induced insulin expression, and also induced the expression 
of other important endocrine cell genes such as glucagon, 
NEUROD1, NKX2.2, ISL1 and PCSK2. Higher induction of 
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 Abbreviations used in this paper

AFS cells amniotic fluid-derived stem cells
Ct cycle threshold
ECM extracellular matrix
ES cells embryonic stem cells
GFP green fluorescent protein
MEM minimum essential medium
MOI multiplicity of infection
NAD nicotinamide
nhp nonhuman primate
qRT-PCR quantitative reverse transcription-polymerase chain 

reaction
 T1D type 1 diabetes
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 Introduction 

 Diabetes mellitus is a vast and growing medical prob-
lem in the USA and world-wide, with a huge impact on 
healthcare costs [Adeghate et al., 2006; Tao and Taylor, 
2010]. The disease affects over 18 million people in the 
USA. About 10% of these affected individuals have type 
1 diabetes (T1D), resulting from autoimmune destruc-
tion of insulin-producing  � -cells in the islets of Langer-
hans of the pancreas. The majority of patients have type 
2 diabetes, which is manifested initially by insulin resis-
tance, but often culminates in the loss of  � -cell mass and 
a need for insulin replacement therapy [Bouwens and 
Rooman, 2005]. Unfortunately, consistent glucose ho-
meostasis remains difficult to achieve with any current 
method of exogenous insulin replacement [Gomis and 
Esmatjes, 2004]. When glucose metabolism is deregulat-
ed over the long term, complications affecting the eyes, 
kidneys, nerves and cardiovascular system are common 
[Santiago, 1993; Melendez-Ramirez et al., 2010]. Only 
transplantation of insulin-producing tissue consistently 
gives the desired outcomes of euglycemia and avoidance 
of episodes of hypoglycemia [Bigam and Shapiro, 2004; 
Davis and Alonso, 2004]. Islet cell transplantation has be-
come a viable clinical modality for a selected cohort of 
patients with T1D. The procedure is safe and achieves 
improved metabolic control and quality of life [Ricordi 
and Strom, 2004; Poggioli et al., 2006; Ryan et al., 2006; 
Mineo et al., 2009]. A major drawback of this procedure 
is that 2–3 donor organs per recipient are required to ob-
tain the desired islet mass [Ryan et al., 2005], as the islet 
cells are nonexpandable and a significant proportion lose 
viability during islet isolation [Hering et al., 2005]. In ad-
dition, islets are lost over time after transplantation, caus-
ing about 90% of patients to require at least some read-
ministration of exogenous insulin [Ricordi and Strom, 
2004; Leitao et al., 2008; Ichii and Ricordi, 2009]. These 
shortcomings cause the current supply of donated pan-
creata to fall far short of the medical demand by patients 
who would benefit from transplantation. Therefore, a 
major translational goal of this work is to resolve the sup-
ply/demand mismatch by developing a cell-based therapy 
for diabetes using amniotic fluid-derived stem (AFS) 
cells. AFS cells can be expanded extensively in culture, 
can be differentiated in vitro to cell types from all three 
germ layers and do not form teratomas when implanted 
into immunocompromised mice [De Coppi et al., 2007]. 
In addition, their in vivo regenerative capacity was dem-
onstrated in two different animal models of tissue injury. 
AFS cells had a protective effect on the kidneys of mice 

with acute tubular necrosis [Perin et al., 2010] and could 
integrate and differentiate into epithelial lineages of the 
lung after injury [Carraro et al., 2008]. Thus, the accumu-
lating data to date suggests that AFS cells may represent 
an intermediate phenotype between embryonic stem (ES) 
cells and various lineage-restricted adult stem cells. The 
choice to use nonhuman primate (nhp)AFS cells arose 
from the desire to develop a clinically applicable cell ther-
apy for T1D using cells from unrelated allogeneic donors. 
Primates have been well characterized as animal models 
of both type 2 diabetes [Wagner et al., 2006] and islet/cell 
transplantation in streptozotocin-induced T1D [Kenyon 
et al., 1999a, b; Han et al., 2002; Berman et al., 2007].

  Despite recent advances, no in vitro approach has yet 
been documented in which human, nonembryonic stem 
cells can safely, reproducibly and efficiently be differenti-
ated into glucose-responsive, insulin-producing  � -like 
cells or islet-like structures at a scale suitable for clinical 
use [Raikwar and Zavazava, 2009]. In contrast, multiple 
laboratories have successfully generated pancreatic endo-
crine cells or more differentiated insulin-producing cells 
and islet-like clusters from embryonic stem cells in vitro 
[D’Amour et al., 2006; Jiang et al., 2007a, b; Cai et al., 
2009]. The formation of glucose-responsive insulin-pro-
ducing  � -cells capable of treating hyperglycemia in mice 
have been produced by recapitulating embryonic pancre-
atic development in vitro starting from embryonic stem 
cells [Kroon et al., 2008]. However, in all cases the effi-
ciency of differentiation is low, while residual undifferen-
tiated pluripotent stem cells have high potential to form 
teratomas, thus precluding their clinical application 
[Martin, 1981; Thomson et al., 1998]. In fact, one study 
that used insulin-producing cells generated from ES cells 
failed due to teratoma formation [Fujikawa et al., 2005]. 
Transplantation of purified  � -cells has been shown to be 
as effective as transplantation of intact islets in reversing 
hyperglycemia suggesting that a higher order islet struc-
ture is not essential [King et al., 2007]. Stable transdiffer-
entiation of somatic cells to insulin-producing cells has 
also been demonstrated starting from liver tissue [Ber et 
al., 2003; Kojima et al., 2003] or pancreatic exocrine cells 
[Zhou et al., 2008] by the forced overexpression of the 
pancreatic specific transcription factors. Gage et al. [2010] 
subjected amniotic fluid cells to combinatorial high con-
tent screening using an adenoviral-mediated expression 
system to look for genes that could activate insulin pro-
moter expression linked to a fluorescent reporter. A pan-
el of six transcription factors was identified and included 
genes that had been previously shown to be critical for 
development of the endocrine pancreas as well as islet cell 
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differentiation (Pdx1, NeuroD, Ngn3, Isl-1, Pax6 and 
MafA). However, the induction of insulin expression was 
relatively low in vitro and these same transplanted cells 
were unable to reverse hyperglycemia in a streptozotocin-
induced mouse model of diabetes [Gage et al., 2010]. This 
study determined whether nhpAFS cells could be geneti-
cally modified to a  � -cell-like phenotype by the trans-
genic overexpression of pancreatic transcription factors 
Pdx1, Ngn3 and MafA. Adenovirus and lentivirus were 
chosen because these viral reagents are easy to produce 
and have high transduction efficiency. In future work 
other types of gene transduction systems could be applied 
for clinical purpose. The coordinated expression of pan-
creatic lineage markers was tested by quantitative reverse 
transcription-polymerase chain reaction (qRT-PCR). Al-
ternative growth conditions that promoted the survival 
and sustained pancreatic differentiation of the repro-
grammed AFS cells were also developed.

  Materials and Methods 

 Cell Culture 
 nhp amniotic fluid was obtained from Cynomolgus monkey 

amniotic fluid, under a research protocol approved by the Wake 
Forest School of Medicine Institution Care and Use Committee. 
The AFS cells were isolated by immunomagnetic sorting for the 
c-kit-positive population using the CD117-antibody MicroBead 
Kit (Miltenyi Biotec Inc., cat No. 130-091-332). Clonal AFS lines 
were generated by the limiting dilution method. AFS cells were 
grown in modified Chang media [De Coppi et al., 2007].

  Adenovirus Production 
 Adenovirus expressing mouse Pdx1 was a gift from Christo-

pher Newgard and Sarah Ferber at Duke University. Adenovirus-
expressing mouse MafA and nuclear green fluorescent protein 
(GFP) under the control of CMV promoter was obtained from 
Addgene [Zhou et al., 2008]. Human  NGN3  cDNA was subcloned 
into pShuttle CMV and pAd Track CMV vector to make adeno-
virus in the AdEasy viral system [Luo et al., 2007]. Adenoviruses 
were amplified in human embryonic kidney 293 cells. Adenovirus 
preparations were titered by infecting 293 cells with diluted virus 
in 6-well plates. After 12–16 h the cells were collected and fixed 
with 2% paraformaldehyde and permeabilized with cold 100% 
methanol. The cells were stained with mouse anti-E2A antibody 
(a gift from Dr. David Ornelle) and Cy5-goat anti-mouse (Fab’) 2  
antibody (Jackson ImmunoResearch Inc., West Grove, Pa., USA). 
The percentage of infected cells was determined by flow cytom-
etry and the infectious units per cell were calculated based on the 
Poisson distribution. Viral-mediated gene expression was con-
firmed by immunostaining with specific antibodies: Anti-Pdx1 
monoclonal antibody (Clone 267712) from R&D Systems (Min-
niapolis, Minn., USA), rabbit anti-human NGN3 polyclonal anti-
body (H-80) from Santa Cruz Biotechnology Inc. (Santa Cruz, 
Calif., USA) and rabbit anti-mouse MAFA antibody from Abcam 
(Cambridge, UK).

  Lentivirus Production 
 A 3-in-1 lentiviral vector (pLenti-MafA-Ngn3-Pdx1) express-

ing the human MAFA, NGN3 and PDX1 genes was purchased 
from Applied Biological Materials (ABM, Richmond, BC, Cana-
da). The MAFA gene was under the control of the mini CMV pro-
moter while NGN3 and PDX1 were under the control of the PGK 
promoter. Lentivirus was produced in 293T cells following the 
methods of Kutner et al. [2009]. Crude supernatant containing 
lentiviral particles was concentrated with Lenti-X Concentrator 
(Clontech Laboratories Inc., Mountain View, Calif., USA).

  AFS Cell Infection and Differentiation 
 NhpAFS cells were seeded at 60–70% confluence 24 h before 

adenoviral infection. Just prior to viral infection, culture media was 
aspirated and cells were rinsed twice with 1 !  PBS. Adenovirus at 
the indicated multiplicity of infection (MOI) in serum-free  � -min-
imum essential medium (MEM) was added to the cells at minimal 
volume that ensures cell coverage. Plates were rocked gently every 
15 min for the first hour and incubated for another 2–3 h at 37   °   C 
in a CO 2  incubator after which the infection media was replaced 
with normal culture media. Differentiation inducing media con-
tained  � -MEM supplemented with 2% B27 (Invitrogen, San Diego, 
Calif., USA), 10 ng/ml Betacellulin (Peprotech, Rocky Hill, N.J., 
USA) and 10 m M  nicotinamide (NAD; Sigma, St. Louis, Mo., USA).

  Quantitative Reverse Transcription-Polymerase Chain 
Reaction 
 Total RNA was isolated from virally-infected and uninfected 

control AFS cells using PerfectPure RNA cultured cell kit (5 
Prime Inc., Gaithersburg, Md., USA) and treated with DNase ac-
cording to the manufacturer’s protocol. cDNA was prepared us-
ing High Capacity cDNA Reverse Transcription kit (Applied Bio-
systems, Foster City, Calif., USA). qPCR was performed in 20  � l 
reactions in 96-well plates using cDNA samples from 6.25 ng of 
total RNA. Taqman probes (Applied Biosystems) specific for pri-
mate genes are listed in  table 1 . For insulin detection, two primers, 
NHPINS-F29 (5 � -aggtcagcaagcaggtcact-3 � ) and NHPINS-R151 
(5 � -cacaggtgctggttcacaaa-3 � ) were designed based on primate in-
sulin cDNA sequence (Accession No. J00336.1 gi:342121). qPCR 
was performed with these primers in the presence of Power SYBR 
Green PCR Master Mix (Applied Biosystems) in an ABI 7300 Re-
al-Time PCR System. For insulin qPCR there was only one peak 
in the dissociation curve. Insulin PCR product was sequenced to 
confirm specificity of the primers and to show that it matched the 
preproinsulin sequence obtained from monkey pancreas extract-
ed cDNA [Wetekam et al., 1982]. The undetectable level of fluo-
rescence was set at a cycle threshold (Ct) of 38.

  For detection of exogenous (adenovirally expressed) PDX1, 
NGN3 and MAFA, AFS cells were transduced at an MOI of 100 
and then cultured in modified Chang media (the same media AFS 
cells are grown in to maintain them in their undifferentiated 
state). Total RNA from transduced cells was extracted 3, 6 and 9 
days after adenovirus infection. qRT-PCR was used to detect the 
expression of exogenous transcription factors and endogenous 
pancreatic lineage marker genes. Mouse PDX1 Taqman probe 
(Mm00435565-m1; ABI), human NGN3 primers (hNGN3-F28 
ACTGTCCAAGTGACCCGTGA, hNGN3-R232 TCAGTGC-
CAACTCGCTCTTAG) and GFP primers (GFP-F ACGTAAAC-
GGCCACAAGTTC, GFP-R AAGTCGTGCTGCTTCATGTG) 
were used to detect exogenous gene expression of mouse PDX1, 
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human NGN3 and mouse MAFA linked to GFP. The MafA/nGFP 
adenoviral construct has nuclear-expressed GFP linked with the 
MafA cDNA by an IRES allowing the two genes to be co-tran-
scribed. Therefore, MAFA message was determined qRT-PCR us-
ing GFP primers and protein expression was demonstrated by the 
presence of nuclear GFP fluorescence, which was confirmed by 
MAFA immunostaining. For detection of exogenous human 
PDX1, NGN3 and MAFA expression from lentivirus, AFS cells 
were transduced with different dilutions of concentrated lentivi-
rus. The highest concentration of lentivirus which did not show 
toxicity to cells in 3 days was used for the experiment. Human 
Pdx1 Taqman probe (Hs00426216_m1; ABI), human NGN3 
primers (the same as before) and human MAFA Taqman probe 
(Hs001651425_s1; ABI) were used to detect exogenous gene ex-
pression from the 3-in-1 lentivirus.

  Cell Viability Analysis by MTS Assay 
 For evaluation of cell survival, PDX1, NGN3 and MAFA ade-

novirus triply infected cells were cultured in 96-well plates with 

100  � l of culture media per well for different amounts of time. The 
96-well plate was precoated with or without extracellular matrix 
(ECM) protein including collagen IV (10  � g/cm 2 , Sigma C-5533), 
fibronectin (4  � g/cm 2 , Millipore FC010) and laminin (2  � g/cm 2 , 
Sigma L6274). Twenty microliters of CellTiter 96 �  AQueous One 
Solution Reagent (Promega, Madison, Wisc., USA) was added per 
well at the different time points. The plate was incubated at 37   °   C 
for 2 h and the absorbance was read at 490 nm using SpectraMax 
M5 spectrophotometer (Molecular Devices, Sunnyvale, Calif., 
USA).

  Results 

 Isolation of nhpAFS Cells 
 Multiple clonal lines of nhpAFS were isolated from 

Cynomolgus monkey amniotic fluid according to the 

Table 1. M arker expression in undifferentiated primate AFS cell clones

Gene NHP7231 NHP7405 NHP7880 NHP islet ABI probe

CD44 22.4 23.2 23.1 26.6 Rh02829215_m1
CD73 24.1 25.6 25.1 30.1 Rh01573920_m1
CD90 27.1 27.2 28.6 30.6 Rh02860204_m1
CD146 28.1 26.3 26.3 29.3 Rh02861012_m1
EPCAM 32.7 37.4 36.6 25.4 Rh02841959_m1
SOX17 undetectable 31.4 36.9 33.1 Rh02976917_s1
FOXA2 35.9 37.5 undetectable 25.7 Rh02819217_m1
GATA4 undetectable undetectable undetectable 27.2 Rh02840876_m1
SOX9 31.5 34.9 29.3 28.2 Rh01001343_m1
PDX1 undetectable undetectable undetectable 27.6 Rh02902569_m1
NGN3 undetectable undetectable undetectable 37.9 Rh02819089_m1
PAX4 undetectable undetectable undetectable 31.3 Rh02913666_m1
NEUROD1 undetectable undetectable undetectable 26.0 Rh02913666_m1
ISL1 undetectable undetectable undetectable 26.3 Rh02792708_m1
PAX6 undetectable 33.0 31.0 27.3 Rh02827776_m1
NKX6.1 undetectable 30.9 31.0 28.5 Rh02859869_m1
NKX2.2 undetectable undetectable 36.9 29.9 Rh01119252_m1
GLP1R undetectable undetectable undetectable 27.4 Rh02840909_m1
GLUT2 undetectable undetectable undetectable 28.2 Rh02828080_m1
PCSK2 undetectable undetectable undetectable 24.4 Rh02842756_m1
INS undetectable undetectable undetectable 15.2 see Materials and Methods
GCG 36.5 37.5 undetectable 19.0 Rh02840882_m1
SST undetectable 29.4 32.7 25.1 Rh02912807_m1
PPY 37.9 34.0 undetectable 27.1 Rh02929042_m1
ACTB 17.1 17.2 17.3 22.0 Rh03043379_gH
GAPDH 17.4 19.3 18.1 22.6 Rh02621745_g1
18srRNA 14.2 13.8 13.7 13.6 433760F

c DNA samples from about 6.25 ng total RNA were analyzed 
by qRT-PCR using ABI rhesus monkey Taqman probes or SYBR 
GREEN PCR (INS) system. Insulin primers were designed based 
on monkey insulin sequence (J00336.1). Values represent average 
Ct of triplicate reactions. The undetectable Ct cutoff was 38 cycles. 

Ct value <20: very high expression level; Ct value 20–25: high ex-
pression; Ct value 25–30: moderate to high expression; Ct value 
30–35: low expression; Ct value 35–38: low to negligible expres-
sion; Ct value ≥38: undetectable level.

D
ow

nloaded from
 http://content.karger.com

/cto/article-pdf/197/4/269/2538530/000345816.pdf by guest on 23 April 2024



 Pancreatic Differentiation of Primate 
AFS Cells 

Cells Tissues Organs 2013;197:269–282 273

same methods employed for human AFS cells [De Coppi 
et al., 2007]. AFS cells were passaged between 30 and 80% 
confluency in order to maintain full differentiation ca-
pacity. Cell morphology of different lines was consistent 
with that of a fibroblast-like morphology resembling a 
mesenchymal stromal cell population. Given that the 
principle isolation criteria after c-kit selection is the ad-
herence to tissue culture plastic, this observation is con-
sistent with the mesenchymal origin of these cells. This 
phenotype was confirmed in all lines generated by the 
expression of typical mesenchymal stem cell markers, 
such as CD44 (hyaluronic acid receptor), CD73 (5 � -
ribonucleotide phosphohydrolase), CD90 (Thy-1) and 
CD146 (MCAM), plus others shown in  table 1 .

  Induction of Pancreatic Gene Expression by 
Overexpression of Pancreatic-Specific Transcription 
Factors 
 To rule out that the nhpAFS cells originated from an 

endodermal lineage, it was important to first verify that 

pancreatic-specific gene expression was not present in the 
undifferentiated cells.  Table  1  also shows that PDX1, 
NGN3, PAX4, NEUROD1, ISL1, GLP1R, GLUT2, PCSK2 
and INS (insulin) were undetectable by RT-PCR in all 
three clones analyzed. However, low-level expression of 
PAX6 and NKX6.1 could be detected in two of the pri-
mate AFS clones (NHP7405 and NHP7880), while one 
clone (NHP7880) showed barely detectable levels of 
NKX2.2 and two clones (NHP7231 and NHP7405) 
showed GCG (glucagon) expression just above the nega-
tive cutoff. We subsequently tested the effects of pancre-
atic-specific transcription factors, introduced via adeno-
viral-mediated transduction, on nhpAFS cell differentia-
tion to pancreatic lineages. Three key transcription 
factors, PDX1, NGN3 and MAFA, either singly or in com-
bination, were transiently expressed in AFS cells from the 
adenoviral CMV promoter and compared to the control 
GFP-expressing adenovirus.  Figure 1  confirms that over-
expressed PDX1 protein could be detected in both the 
cytoplasm and the nucleus ( fig.  1 a), while NGN3 and 

MAFA MAFA/nGFP/DAPI

DAPI

pAd-GFPpAd-NGN3/GFP

PDX1 DAPI/Pdx1/NGN3NGN3/GFPa

b c

  Fig. 1.  Ectopic expression of pancreatic genes in nhpAFS cells. 
Cells were infected at an MOI of 100 each for adenoviral vectors 
(Ad) expressing PDX1, NGN3/GFP, MAFA/nGFP and their com-
binations.  a ,  c  After 48 h, ectopic gene expression of PDX1 and 
MAFA was detected by immunofluorescence. NGN3 gene expres-
sion was detected by anti-Ngn3 immunostaining ( b ). Overex-

pressed PDX1 protein could be detected in both the cytoplasm 
and nucleus ( a ) while NGN3 and MAFA were only detected in the 
nucleus. Over 50% of the transduced cells expressed the target 
transcription factors. Double infection with PDX1 and NGN3/
GFP showed that most NGN3/GFP-positive cells were also Pdx1 
positive, as shown by orange staining ( a ). Scale bar = 50  � m. 
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MAFA were only detected in the nucleus. Over 50% of the 
transduced cells expressed the target transcription fac-
tors. Double infection with PDX1 and NGN3/GFP showed 
that most of the NGN3-positive cells (GFP) were also 
PDX1 positive (red;  fig. 1 a). Three days after viral trans-
duction, the expression of genes, restricted to different 
stages along the pancreatic differentiation pathway, was 
assayed by qRT-PCR. The GFP control vector was unable 
to induce expression of any of the pancreatic marker 
genes tested. Each transcription factor alone was able to 
induce very few markers ( table 2 ). NGN3 can induce Neu-
roD1 in most of the cell lines tested but was unable to in-
duce insulin. MAFA was able to induce insulin in some 
lines such as NHP7231 and to a much greater extent in 
NHP7405. PDX1 induced glucagon expression in two cell 
lines (NHP7880 and NHP7405) which had relatively high 
expression of endogenous PAX6 and NKX6.1 gene but 
could not induce glucagon expression in PAX6- and 
NKX6.1-low cells such as NHP7231 and NHP7886. 
NGN3 and MAFA were unable to induce GCG expression 
even in PAX6- and NKX6.1-expressing cells. Two-factor 
combinations were able to induce the expression of more 
marker genes and with higher expression levels. For ex-
ample, PDX1 and NGN3 invariably induced higher ex-
pression of NeuroD1 than NGN3 only. Three transcrip-
tion factor combinations further improved the capability 
of inducing the expression of pancreatic marker genes in 
all the primate AFS cell lines tested.  Figure 2  shows the 
relative fold change in expression of selected pancreatic 
genes in primate AFS cells after the introduction of one, 
two or three transcription factors. In NHP7880 exoge-
nous NGN3 expression induced high-level NeuroD1 ex-
pression and that level was increased by the introduction 
of PDX1 but not by MAFA.

  Continuous, High-Level PDX1, NGN3 and 
MAFA Expression Is Necessary for Induction and 
Maintenance of the Pancreatic Gene Expression 
 To determine the correlations between the levels of 

forced expressed pancreatic transcription factors (PDX1, 
NGN3 and MAFA) and the endogenous expression of 
pancreatic genes in nhpAFS cells, we measured their ex-
pression at 3, 6 and 9 days after transduction with all 3 
transcription factors. Ectopic expression of the three 
transcription factors from the adenoviral CMV promot-
ers is transient and decreases over time as the episomal 
virus is diluted during cell division. All three exogenous 
transcription factors reach their maximum expression on 
day 3 after transduction and then steadily decrease over 
time ( fig. 3 a).  Figure 3 b shows that NeuroD1, insulin and T
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glucagon expression decreases over the 9-day time course, 
paralleling expression of the adenoviral-mediated ex-
pressed PDX1, NGN3 and MAFA. Although expression 
of exogenous transcription factors was still relatively high 
at day 9, the expression of endogenous pancreatic marker 
genes was barely detectable suggesting that continued 
high-level transcription factor expression is necessary to 
maintain the long-term pancreatic lineage phenotype. 
These results suggest that maintenance of the pancreatic 
phenotype is dependent on continued exogenous tran-
scription factor expression.

  If stable and elevated expression of PDX1, NGN3 and 
MAFA in nhpAFS cells is required to maintain expres-
sion of pancreatic lineage genes, a 3-in-1 lentiviral expres-

sion system may prove to be a superior approach. Lenti-
viral-mediated expression originates from stable integra-
tion of the transgenic construct into the host cell genome. 
Long-term transcription factor expression was achieved 
using the lentiviral system (data not shown); however, it 
expressed approximately 10-fold less PDX1, 250-fold less 
NGN3 and 200-fold less MafA ( fig.  3 c). The lentiviral-
infected cells did not show elevated expression of pancre-
atic genes after 6 days in culture. This observation is con-
sistent with our previous finding ( fig. 3 a, b) that high-
level transcription factor expression was necessary for the 
sustained expression of endogenous pancreatic marker 
genes.
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  Fig. 2.  Expression of endogenous insulin, glucagon and NeuroD1 in nhpAFS cells overexpressing pancreatic 
transcription factors. Expression data from table 1 is presented as single graphs for insulin, glucagon and
NeuroD1. Experimental details are the same as in table 2. 
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  Further Induction of Pancreatic Gene Expression 
and Cell Survival by Media and Growth Substrate 
Modification 
 In all the experiments described above, nhpAFS cells 

were grown in Chang media [Chang et al., 1982] before 
and after adenoviral transduction to induce pancreatic 
transcription factor expression. The cells are able to pro-
liferate in Chang media and remain in an undifferenti-
ated state even after extensive passaging. It is possible that 
forcing transduced AFS cells to differentiate in media 
that otherwise was designed to maintain them in an un-
differentiated state contributed to the observed toxicity. 
Recent publications showed the effect of different pro-
teins and culture media components on the differentia-
tion of stem cells towards endodermal and pancreatic lin-
eages [Champeris Tsaniras, 2010; Chiou, 2011]. Five dif-
ferent ‘induction’ culture conditions were tested: Chang 

medium which contains 17% ES-qualified FBS,  � -MEM 
with B27 supplement only;  � -MEM with B27 plus NAD; 
 � -MEM with B27 plus EGF (or betacellulin);  � -MEM 
with B27 plus NAD and EGF (or betacellulin). After 
transduction with all three transcription factors (PNM = 
 P DX1,  N GN3 and  M AFA) the cells were allowed to re-
cover overnight in Chang media before being transferred 
to various induction media formulations for the 5-day 
period of differentiation.  Figure 4 a shows the average fold 
increase in insulin expression from two independent ex-
periments on a representative nhpAFS cell line, NHP7231. 
Induction medium containing B27 increased insulin ex-
pression 5-fold over Chang media. An additional 2-fold 
increase was observed when NAD was added to the B27-
containing media. The pairwise combination of B27 plus 
EGF boosted insulin expression 17.7-fold over Chang me-
dia and when all three supplements were added together, 
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  Fig. 3.  Sustained endogenous expression of insulin, glucagon and 
NeuroD1 is dependent on transient overexpression of pancreatic 
transcription factors.  a ,  b  NHP7880 AFS cells were transduced 
with adenoviral vectors expressing Pdx1, Ngn3 and Mafa at 100 
MOI each. Total RNA from transduced cells was extracted 3, 6 
and 9 days after adenovirus infection. Ectopic ( a ) and endogenous 
( b ) gene expression was measured using quantitative RT-PCR.
 c  NHPAFS7880 were transduced with a combination of adenovi-
ral vectors expressing Pdx1, Ngn3 and Mafa at 100 MOI each or 
with a 3-in-1 lentiviral vector expressing Pdx1, Ngn3 and Mafa. 
Total RNAs were extracted 6 days after virus transduction and 
quantitative RT-PCR was used to measure expression of Pdx1, 
Ngn3 and Mafa. Data was normalized to the expression in un-
transduced cells.     
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insulin expression was increased a total of 33.2-fold over 
baseline. However, growth factor supplementation alone, 
without forced expression of pancreatic transcription 
factors, was insufficient to induce insulin expression on 
its own, as shown by the lack of insulin expression when 
nhpAFS cells were infected with a GFP-containing ade-
novirus and grown in  � -MEM + B27 + NAD + EGF.

  ECM components have been shown to dramatically 
impact the viability of cultured  � -cells and augment in-
sulin secretion [Kaido et al., 2006; Gao et al., 2008]. To 
further support proliferation of nhpAFS cells, genetically 
modified to express pancreatic transcription factors, cells 
were seeded on various ECM-coated dishes. For these ex-
periments, the nhpAFS cells were first transduced with 
all three transcription factors (PNM = PDX1, NGN3 and 
MAFA) and then plated in culture dishes coated with fi-
bronectin, laminin or collagen IV, or a 1:   1:1 combination 
of all three ( fig.  4 b). Laminin coating promoted better 
survival than uncoated plastic, but still showed a decrease 
in viability after initial plating like that seen with uncoat-
ed dishes. The extent of improved viability afforded by 

fibronectin and collagen IV were each individually better 
than laminin and both of them also eliminated the cell 
death that occurred between 0 and 4 days. The combina-
tion of all three ECM components was no different than 
fibronectin and collagen IV, each by itself, but these three 
groups enabled the nhpAFS cells to proliferate between 
plating and 7 days, which had not been seen before in pre-
vious experiments. However, between 7 and 10 days the 
viability of differentiating AFS cells under all ECM-con-
taining growth conditions declined by approximately 
40%, and continued to decline thereafter. Therefore, the 
short-term viability of the cells was dramatically in-
creased by plating on ECM components, but long-term 
survival was not improved.

  Discussion 

 Amniotic fluid-derived stem cells, initially isolated as 
a c-kit-positive population from second trimester human 
amniocentesis samples, have been shown to differentiate 
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  Fig. 4.  Inclusion of growth factors and extracellular matrix coat-
ing improves cell survival and insulin expression in nhpAFS cell 
overexpression of pancreatic transcription factors.  a  NHPAFS 
7231 were infected with a combination of adenoviral vectors ex-
pressing Pdx1, Ngn3 and Mafa. GFP-infected cells were used as 
controls. Cells were cultured in Chang media for 24 h and then 
the media was changed to include the different supplements and 
growth factors, as indicated. Quantitative RT-PCR analysis of the 
relative insulin expression levels was performed 5 days later. The 

data represent the average relative fold compared with Ad-GFP-
infected cells in 2 experiments.  b  NHP7880 AFS cells were in-
fected with a combination of adenoviral vectors expressing Pdx1, 
Ngn3 and Mafa at 100 MOI each. Transduced cells were cultured 
in Chang’s media for 72 h and collected by trypsinization. The 
cells were replated in a 96-well plate coated with different ECM 
protein at 10,000 cells per well (day 0). MTS assay was used to de-
termine cell numbers after 4, 7 and 10 days, as indicated. The data 
represent the average cell number of 3 wells.           
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efficiently into mesenchymal lineages such as bone, car-
tilage, fat and muscle and, when cultured under specific 
inductive conditions, will express a subset of endodermal 
and ectodermal lineage markers. The fact that AFS cells 
do not form teratomas upon transplantation make them 
an attractive stem cell source for many cell therapies, re-
generative medicine and tissue engineering applications. 
An equivalent AFS cell population has now been isolated 
from nhp with the intention of developing a clinically rel-
evant model of diabetes for testing potential cellular ther-
apies in our closest relatives. As a first step in that goal, 
this study expands the lineage repertoire of primate AFS 
cells and investigates whether these primitive cells can be 
induced to express genes associated with pancreatic en-
docrine differentiation by the introduction of three de-
velopmentally critical pancreatic transcription factors 
( fig. 5 ). This study goes on to show that if the partially 
differentiated AFS cells are exposed to growth conditions 
that more closely mimic the native  � -cell microenviron-
ment, enhanced pancreatic gene expression is observed. 
PDX1 alone induced glucagon expression in two of the 

NHPAFS cell lines, NHP7880 and NHP7405, which in-
terestingly express PAX6 and NKX6.1 in their undiffer-
entiated state ( table  1 ). Other groups have shown that 
PDX1 could induce high level glucagon expression in 
bone marrow MSCs and human pancreas-derived MSCs 
[Wilson et al., 2009], while a different group observed 
barely detectable levels of glucagon expression after PDX1 
viral infection [Karnieli et al., 2007]. Similar to the data 
presented in  table 1 , both of these studies established that 
there is considerable donor variation in the expression of 
endogenous genes in MSCs, suggesting that PDX1-de-
pendent differentiation toward the  � -cell lineage partial-
ly depends on what combination of genes are already 
present. Virally mediated NGN3 expression induced 
NeuroD1 expression in two out of the three cell lines. 
NeuroD1 is a key transcriptional regulator of pancreatic 
development and its promoter is a direct target of NGN3 
[Huang et al., 2000]. In fact at least one publication intro-
duces NeuroD1 directly, rather than depending on its ac-
tivation downstream of NGN3 to induce pancreatic dif-
ferentiation and insulin expression in a wide variety of 
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  Fig. 5.  Transcription factor hierarchy during pancreatic develop-
ment. Among the various transcription factors involved in the 
pancreas formation and  � -cell differentiation, Pdx1 plays a cru-
cial role in pancreas and  � -cell differentiation and maintenance 

of mature  � -cell function. Ngn3 is an important factor for pan-
creatic endocrine cell differentiation and MafA expression is in-
duced at the final stage of  � -cell differentiation and functions as 
an activator of the insulin promoter.               
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cell types [Kaneto et al., 2009]. When MAFA was intro-
duced by itself into AFS cells via viral transduction, low-
level insulin expression was observed in two out of the 
three lines. MAFA is unique in being expressed exclu-
sively in the final stages of  � -cell differentiation and has 
been shown in various cell types to be a powerful induc-
er of insulin expression, but not important for  � -cell de-
velopment [Matsuoka et al., 2007]. In addition, glucose-
sensitive insulin expression is synergistically enhanced 
when MAFA is coexpressed, or expressed in sequence af-
ter PDX1 and either NGN3 or NeuroD1 [Andrali et al., 
2008]. This observation is consistent with the results pre-
sented in  table 2  and  figure 2  showing that in all three 
AFS cell lines, insulin expression is increased 3- to 7-fold 
when PDX1, NGN3 and MAFA are coinfected and that 
this effect is not seen in primate skin fibroblasts. PDX1, 
MAFA and NeuroD1 can all directly bind to and activate 
the insulin promoter [Ohlsson et al., 1993; Naya et al., 
1995; Olbrot et al., 2002; Zhang et al., 2009b] without re-
programming the cell. However, in our experiments con-
certed expression of other markers involved with devel-
opment or maintenance of the pancreatic progenitor phe-
notype (Nkx2.2 and ISL1) as well as insulin processing 
(PCSK2), were also observed and cannot be explained by 
direct promoter binding. Therefore, we speculated that 
AFS cells did undergo a transient partial differentiation 
down the pancreatic lineage. The combinatorial nature of 
multiple transcription factors working in concert is con-
sistent with the bulk of the literature on cellular repro-
gramming. Even though single transcription factors can 
target a specific promoter, synergistic induction is typi-
cally observed when multiple transcription factors are in-
troduced, despite the fact that the second or third tran-
scription factors do not bind directly to the promoter(s) 
of interest. For example, Gage et al. [2010] identified a 
combination of six adenovirally expressed transcription 
factors (PDX1, NGN3, MAFA, NEUROD1, ISL1 and 
PAX6) that could induce the human insulin promoter in 
amniotic fluid-derived cells. Interestingly, in their sys-
tem, the combination of PDX1, NGN3 and MAFA could 
not induce insulin expression but the ISL1, PAX6 and 
MAFA triple combination could, although much less ef-
ficiently than all six. Four possibilities could explain the 
difference between the observations of Gage et al. [2010] 
and those of ours. First, the inducibility of undifferenti-
ated cell lines might be linked to the combination of en-
dogenously expressed transcription factors. The NHPAFS 
cell line (NHP7880) that showed the highest induction of 
all the pancreatic genes tested already expressed the high-
est endogenous level of PAX6. Second, it is possible that 

the species difference between human and primate may 
have a different genetic regulation and could affect the 
result. Third are the differences in the assay methods. 
Gage et al. [2010] used DsRed expression driven by hu-
man insulin promoter and found a six transcription fac-
tor combination was the best, whereas we used qRT-PCR 
method to detect endogenous insulin gene expression. 
The synthetic human insulin promoter may not com-
pletely mimic the activity of the endogenous promoter. 
The epigenetic stage could be very different in endoge-
nous promoter compared to exogenous promoter [Wil-
son et al., 2009]. Finally, experimental conditions were 
different: Gage et al. [2010] used lower adenovirus titers 
(10 MOI of each viral construct) than we did (100 MOI), 
and low temperature (30°) for tissue culture to control cell 
proliferation. Although our studies are similar to others, 
any changes in the methods could have a significant dif-
ference in the outcomes, as seen in many other cases.

  In an ongoing attempt to generate surrogate glucose-
responsive, insulin-secreting islet-like cells for the pur-
pose of achieving a cell-based therapy for both T1D and 
late-stage type 2 diabetes, multiple in vitro approaches 
have been honed to increase efficiency and functional 
maturity [Tateishi et al., 2008; Borowiak et al., 2009; 
Chen et al., 2009; Zhang et al., 2009a; Champeris Tsani-
ras, 2010; Hui et al., 2010; Mayhew and Wells, 2010]. For 
obvious reasons, ES and iPS cells have been the most pop-
ular starting cell populations, but the likelihood of tera-
toma formation and need to ‘finish’ their differentiation 
in vivo has limited the excitement of this approach for 
clinical translation. Transdifferentiation of various so-
matic cell types, like hepatocytes and exocrine pancre-
atic cells, has both conceptual and pragmatic advantages. 
Both of these cell types are developmentally closer to islet 
endocrine tissue and therefore more likely to require less 
extensive input. In addition, the fact that they start out as 
terminally differentiated cells makes teratoma formation 
unlikely.

  In addition to ES cells and various adult somatic cells, 
several non-c-kit-selected cell populations have also been 
isolated from human midgestation amniotic fluid, simply 
by virtue of their ability to adhere to tissue culture plastic, 
but the literature is unclear on whether any of them pass 
muster as bona fide stem cells. However, endocrine cell 
differentiation has yet to be conclusively demonstrated in 
any of the various amniotic fluid-derived cells. Two stud-
ies have cultured human amnion epithelial cells in NAD-
containing media and were able to show that the resulting 
population was able to reverse hyperglycemia and weight 
loss in diabetic rodents [Wei et al., 2003; Hou et al., 2008]. 
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However, those studies did not include sufficient charac-
terization of the resulting  � -cell-like population and 
failed to prove that the transplanted cells caused the dia-
betic reversal. Therefore, given the ease of obtaining fetal 
stem cells from amniotic fluid and their relative plenti-
fulness after expansion, further investigation into their 
ability to differentiate into insulin-producing pancreatic 
progenitor cells is justified.

  Although ectopic expression of transcription factors 
has been shown to be the principle driving force behind 
direct cellular reprogramming, it is clear that culture 
conditions also play an important role in facilitating and 
enhancing lineage-specific differentiation. Therefore, we 
postulated that the efficiency of  � -cell differentiation 
would be improved if the culture conditions after viral 
transduction mimicked the native pancreatic microenvi-
ronment. Chang media was developed to provide optimal 
conditions for primary culture of human amniotic fluid 
cells and chorionic villus sample cultures for use in karyo-
typing and other antenatal genetic testing [Chang et al., 
1982] but may not be ideal for  � -cell differentiation. Here 
we found that including B27, a serum replacement widely 
used for  � -cell differentiation, enhanced insulin expres-
sion approximately 5-fold above that expressed in Chang 
media. Also, including NAD, a poly(adenosine diphos-
phate-ribose) synthetase inhibitor, led to a 2-fold further 
enhancement of insulin expression, consistent with stud-
ies by Otonkoski et al. [1993] showing that NAD induced 
islet formation from pancreatic progenitor cells. Lastly, if 
betacellulin was added in combination with B27 and 
NAD, insulin expression increased a total of 30-fold 
above that achieved in Chang media. Betacellulin, a 
member of the EGF growth factor family, was previously 
shown to sustain Pdx1 expression in isolated islets and to 
promote their maturation in vitro   [Cho et al., 2008]. 
However, reagents used at early stages of ES cell differen-
tiation toward the beta lineage, such as Activin A and 
retinoic acid, did not enhance insulin expression in our 
system (data not shown), suggesting that partially differ-
entiated AFS cells can only respond to late-stage induc-
tive signals.

  Insulin mRNA was undetectable in AFS transduced 
with GFP adenovirus under the optimal differentiation 
media ( fig. 4 a). Thus, over-expression of the transcription 
factors was necessary to initiate cell differentiation. How-
ever, no c-peptide protein was detected in the PNM + 
EGF + NAD + B27-treated AFS cells and insulin mRNA 
was approximately 10,000-fold less than that produced by 
isolated primate islets. Differentiation of AFS, using the 
 � -cell differentiation protocols developed for ES cells or 

MSCs without transcript factor overexpression failed to 
induce beta lineage marker expression.

  AFS cells were originally cultured with Chang media, 
which contained a high concentration of serum (about 
16%). In differentiation medium, 2% B27 was used as a 
serum replacement. The low serum condition most likely 
caused the high rate of cell death, in both transcription 
factor overexpressed and control cells without transcrip-
tion factor expression. We do not have evidence that the 
medium causes selective cell survival.

  Increased AFS cell death and a decreased proliferation 
rate was observed after adenoviral transduction com-
pared to untransduced controls. It has been demonstrat-
ed that ECM can support the in vitro long-term culture 
of pancreatic islets and protect pancreatic  � -cells from 
apoptosis leading to improved cell survival [De Carlo et 
al., 2010]. It has also been reported that the peripheral 
ECM of mature human pancreas contains laminin, col-
lagen IV and fibronectin [Stendahl et al., 2009]. There-
fore, these three ECM proteins were included as plastic 
coatings in the differentiation system and were found to 
improve cell survival, while the benefit of augmenting 
insulin expression is inconclusive due to variation be-
tween the different primate AFS cell lines. 

   Figure 5  shows a schematic representation of the tran-
scription factor cascade that ultimately leads to the  � -, 
 � -, and  � -cell pancreatic lineages and where the three 
transcription factors used in this study function in the 
cascade. PDX1 and NGN3 expression in primate AFS 
cells induced a gene expression profile indicative of the 
 � -cell lineage. However, when MAFA was expressed in 
combination with PDX1 and NGN3, the marker profile 
more closely resembled pancreatic progenitors early in 
the  � -cell lineage. The schematic implies a sequential ex-
pression of these transcription factors during pancreatic 
differentiation; however, in our studies all three tran-
scription factors were simultaneously coexpressed. Al-
though transient, coordinated expression of endogenous 
endodermal, endocrine and pancreatic genes suggests 
that some level of cellular reprogramming was achieved 
in the primate AFS cells. However, the resulting, fairly 
robust expression of insulin was most likely a result of 
direct insulin promoter activation. In fact, sequential ex-
pression of PDX1, NGN3 and MAFA was less effective in 
inducing insulin expression than simultaneous coex-
pression of all three transcription factors. It is unknown 
whether transcription factor-induced AFS cells would 
continue to mature in a native pancreatic microenviron-
ment, as has been demonstrated for partially differenti-
ated ES cells [Kroon et al., 2008]. Therefore, a further 

D
ow

nloaded from
 http://content.karger.com

/cto/article-pdf/197/4/269/2538530/000345816.pdf by guest on 23 April 2024



 Pancreatic Differentiation of Primate 
AFS Cells 

Cells Tissues Organs 2013;197:269–282 281

characterization of the in vivo differentiation potential of 
partially reprogrammed AFS cells in a streptozotocin-in-
duced mouse model of diabetes is warranted, given their 
promise as an easily obtained, highly expansive, relative-
ly plastic and nontumorigenic candidate for a future cel-
lular therapy for diabetes.
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