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ABSTRACT

b-Cell replacement therapy represents the most promising approach to restore b-cell mass and
glucose homeostasis in patients with type 1 diabetes. Safety and ethical issues associated with plu-
ripotent stem cells stimulated the search for adult progenitor cells with endocrine differentiation
capacities. We have already described amodel for expansion and differentiation of human pancre-
atic duct-derived cells (HDDCs) into insulin-producing cells. Here we show an innovative and robust
in vitro system for large-scale production of b-like cells from HDDCs using a nonintegrative RNA-
based reprogramming technique. Synthetic modified RNAs for pancreatic transcription factors
(pancreatic duodenal homeobox 1, neurogenin3, and V-Mafmusculoaponeurotic fibrosarcoma on-
cogene homolog A [MAFA]) were manufactured and daily transfected in HDDCs without strongly
affecting immune response and cell viability. MAFA overexpression was efficient and sufficient
to induce b-cell differentiation of HDDCs, which acquired a broad repertoire of mature b-cell
markers while downregulating characteristic epithelial-mesenchymal transition markers. Within
7 days, MAFA-reprogrammed HDDC populations contained 37% insulin-positive cells and a propor-
tion of endocrine cells expressing somatostatin and pancreatic polypeptide. Ultrastructure anal-
ysis of differentiated HDDCs showed both immature and mature insulin granules with light-
backscattering properties. Furthermore, in vitro HDDC-derived b cells (called b-HDDCs) secreted
human insulin and C-peptide in response to glucose, KCl, 3-isobutyl-1-methylxanthine, and tolbu-
tamide stimulation. Transplantation of b-HDDCs into diabetic SCID-beige mice confirmed their
functional glucose-responsive insulin secretion and their capacity to mitigate hyperglycemia.
Our data describe a new, reliable, and fast procedure in adult human pancreatic cells to gener-
ate clinically relevant amounts of new b cells with potential to reverse diabetes. STEM CELLS

TRANSLATIONAL MEDICINE 2016;5:1525–1537

SIGNIFICANCE

b-Cell replacement therapy represents themost promising approach to restore glucose homeosta-
sis in patients with type 1 diabetes. This study shows an innovative and robust in vitro system for
large-scale production of b-like cells from human pancreatic duct-derived cells (HDDCs) using a
nonintegrative RNA-based reprogramming technique. V-Maf musculoaponeurotic fibrosarcoma
oncogene homolog A overexpression was efficient and sufficient to induce b-cell differentiation
and insulin secretion from HDDCs in response to glucose stimulation, allowing the cells to mitigate
hyperglycemia in diabetic SCID-beigemice. The data describe a new, reliable, and fast procedure in
adult human pancreatic cells to generate clinically relevant amounts of newb cells with the poten-
tial to reverse diabetes.

INTRODUCTION

Type 1 diabetes (T1D) is a chronic autoimmune
disease characterized by T cell-mediated destruc-
tion of insulin-producing b cells and subsequent

imbalance of blood glucose homeostasis [1].
Proof-of-concept for b-cell replacement therapy
was established with whole-organ or islet trans-
plantation [2, 3], but organ shortage andmidterm
graft dysfunction are recurrent barriers to clinical
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use. Reprogramming of progenitor cells represents an attractive
alternative, with embryonic and induced pluripotent stem cells
(PSCs) being closest to clinical grade because of unlimited supply
and in vivo glucose-regulated insulin secretion capacities [4–6].
Recent data suggest the possibility to foster in vitro maturation
of PSCs [7], which per se might improve diabetes outcome after
transplantation. Unfortunately, the use of PSCs remains associ-
ated with ethically sensitive sampling and/or costly propagation
procedures. Moreover, the risk for overgrowth or metastasis
of undifferentiated cells may not be totally avoided by selec-
tion strategies [8], which encouraged the development of
macro-encapsulation techniques in the setting of clinical tri-
als (NCT02239354). There is thus a need to identify new sour-
ces of cells that have b-cell differentiation potential and
expansion capacities and that maintain a stable differenti-
ated phenotype in vivo.

In the past decade, somatic cells in the pancreas (e.g., duct
cells [DCs]), acinar cells, and a cells [9–11]) were shown to have
capacities to generate insulin-producing cells. Among those
lineages, DCs are attractive because they give rise to all pancre-
atic epithelial cells during embryonic development [12] and be-
cause they participate inb-cell turnover after injury [13]. Recent
data ona-to-b transdifferentiation revealed a crucial role of the
pancreatic duct lining in the recruitment of newly formedb cells
[14] and the involvement of a preliminary duct-to-a switch
occurring after a transitory state of epithelial-mesenchymal
transition (EMT). Because humanDCs—like all epithelial lineages—
undergo early loss of proliferation and of epithelial phenotype in
vitro, we previously developed a new strategy to culture and ex-
pand human DCs via the forcing of a partial EMT [15]. The result-
ing cells, called humanpancreatic duct-derived cells (HDDCs), had
potential forb-cell differentiation, with glucose-unresponsive in-
sulin secretiondetected inpopulations containing 2%–3% insulin-
positive (insulin+) cells.

Murine loss-of-functionmodels revealed the essential role of
transcription factors (TFs) in controlling pancreas specification,
endocrinedifferentiation, andb-cellmaturation. The threeprom-
inent TFs implicated in these milestones are pancreatic duodenal
homeobox 1 (PDX1), neurogenin3 (NGN3), and V-Maf musculoa-
poneurotic fibrosarcoma oncogene homolog A (MAFA) [9, 16–20].
MAFA, a basic-leucine zipper TF expressed in mature b cells only,
regulates insulin secretion by specifically binding the RIPE3b/C1 in-
sulin promoter region [21].

To improve the timing and efficiency of b-cell differentia-
tion of HDDCs, we developed a TF-based reprogramming strat-
egy using synthetic modified mRNAs (smRNAs). The smRNA
technology was used to induce pluripotency or transdifferen-
tiation in various settings [22–26] and showed its superiority
to virus-based protocols [27]. Concerns about smRNA degrada-
tion, stability problems, and activation of immune mechanisms
against single-stranded RNAs were addressed, and current
synthesis protocols allow robust protein expression and main-
tenance of cell viability after consecutive transfections [28, 29].
In our study, we show a novel and safe method to induce b-cell
differentiation from expanded HDDCs usingMAFA smRNA-based
reprogramming. The resulting cells showed glucose-dependent in-
sulin secretion both in vitro and after transplantation into diabetic
animals, where they lead to significant and prompt reduction of
blood glucose levels. To our knowledge, this is the first demonstra-
tionofefficient smRNA-basedb-cell reprogrammingusing anadult
human primary cell model.

MATERIALS AND METHODS

Cell Isolation and Culture

Human pancreatic DCs were isolated from 32 cadaveric donors
age 1 month to 68 years. The exocrine tissue was obtained
through the collaboration with the Diabetes Research Insti-
tute, IRCCS San Raffaele Scientific Institute, Milan, Italy, within
a human islet distribution program for basic research sup-
ported by the Juvenile Diabetes Research Foundation [30].
DCs were isolated within 48 hours using MACS Separation
columns to purify CA19-9+ DCs as previously described [15].
CA19-9+ DCs were initially plated at 3 3 105 cells per cm2 in
EGM-2-MV medium (Lonza, Allendale, NJ, http://www.lonza.
com) without hydrocortisone. The mediumwas changed every
72 hours and the cells were cultured in 37°C humidified atmo-
sphere containing 5% CO2. When the confluence reached
80%, DCs and HDDCs were passaged using 0.05% trypsin (Cell-
Gro; CellGenix, Freiburg, Germany, http://www.cellgenix.
com) and seeded at 5,000 cells per cm2 into culture-treated
plates. HDDCs were cryopreserved at each passage in ali-
quots containing 1 3 106 cells with fetal bovine serum (FBS;
Thermo Fisher Scientific Life Sciences, Waltham, MA, http://
www.thermofisher.com) containing 10% dimethyl sulfoxide
(Sigma-Aldrich).

In Vitro Production of Synthetic Modified mRNA

A “ready-to-use” plasmid (pRTU) containing 59 and 39 untrans-
lated regions (UTRs) and a cloning site in a pIDTSmart Amp (IDT)
backbone (Figure 1) was designed to generate the templates
for in vitro transcription (IVT). The 59 UTR incorporated a T7
promoter and a strong Kozak site to improve translation effi-
ciency, whereas the 39 UTR contained a murine a-globin
oligo(dT) sequence. The open reading frames (ORFs) of inter-
est (Addgene, Cambridge, MA, https://www.addgene.org)
were cloned into the pRTU and digested using SbfI and AgeI
restriction enzymes (Thermo Fisher Scientific Life Sciences).
Subsequently, the linearized templates were amplified by po-
lymerase chain reaction (PCR) using tailed primers to generate
polyA sequences. IVTs were performed using a Megascript T7
kit (Ambion, Thermo Fisher Scientific Life Sciences) and 1.6 mg
of PCR products that were capped with 15 mM of cap analog
(New England Biolabs, Ipswich, MA, https://www.neb.com)
to increase the stability of synthetic mRNAs. Complete substi-
tution of 5-methyl cytidine bases for cytidine triphosphate and
of pseudouridine for uridine-59-triphosphate was performed
to reduce immunogenicity of the molecules. Synthesized RNAs
were purified using genomic DNA eliminator columns (RNA ex-
traction kit, Qiagen, Hilden, Germany, https://www.qiagen.
com) and then treated with Antarctic Phosphatase (New Eng-
land Biolabs) for 30 minutes at 37°C to remove immunogenic
59-triphosphates. RNAs were quantified by Nanodrop 2000
spectrophotometer (ThermoFisher Scientific Life Sciences) and ali-
quoted in volumes of 100 ng/ml in Tris-EDTA endotoxin-freewater
(Qiagen).

smRNA Transfection

Differentiation experiments were performed by five to seven
daily smRNA transfections using jetPEI (Polyplus Transfec-
tion, Illkirch, France, http://www.polyplus-transfection.com).
After each transfection, HDDCs were incubated with the
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reprogramming medium for 24 hours. Transfection solution con-
sisted of 1.2 mg smRNA diluted in 100 ml Opti-MEM basal me-
dium (Thermo Fisher Scientific Life Sciences) containing 1.2 ml
of jetPEI reagent. The mix was incubated for 15 minutes at
room temperature (RT) before being dispended in 1ml differen-
tiation medium composed by DMEM low glucose (Thermo Fisher
Scientific Life Sciences) without antibiotics supplemented
by 10% FBS, 5 mM A83-01 (Tocris, Britsol, UK, https://www.
tocris.com/), 1 mM valproic acid (Sigma-Aldrich, St. Louis,
MO, http://www.sigmaaldrich.com), 100 ng/ml bFGF (Pepro-
Tech, Rocky Hill, NJ, https://www.peprotech.com), and 200 ng/ml
B18R (eBioscience, San Diego, CA, http://www.ebioscience.com).
At the end of incubation, HDDCs were collected using 0.05%
trypsin/EDTA (CellGro) for processing.

RNA Extraction, Reverse Transcription, and
Quantitative PCR Analysis

Total RNA was extracted from cultured cells using Tripure isola-
tion reagent (Roche, Basel, Switzerland, http://www.roche.
com). The concentration was determined by using a Nanodrop
2000 spectrophotometer (Thermo Fisher Scientific Life Sci-
ences). Reverse transcription was obtained by using a High Ca-
pacity cDNA Reverse Transcription kit (Thermo Fisher Scientific
Life Sciences). The quantitative PCR was carried out using pri-
mers of interest (supplemental online Table 1), Power SYBR
Green PCR master mix (Thermo Fisher Scientific Life Sciences)
and StepOnePlus Real-Time PCR System (Thermo Fisher Scien-
tific Life Sciences). Primers for detection of exogenous smRNAs
were designed to recognize the modified UTR regions of syn-
thetic molecules. Results were analyzed by the comparative
ΔCT method [31] and normalized to TATA-binding protein.

Immunofluorescence and Immunohistochemistry

Differentiated HDDCs were fixed in 4% paraformaldehyde
at RT for 20 minutes and then permeabilized by using 1% Tri-
ton X-100 (Sigma-Aldrich) in phosphate-buffered saline (PBS)
for 15minutes. Nonspecific siteswereblockedusing 1% lamb serum
(Immunosource, Schilde, Belgium, http://www.immunosource.
com) for 1 hour at RT. Subsequently, cells were washed and incu-
batedat4°Covernightwithprimaryantibodiesatdesiredconcentra-
tions (supplemental online Table 2). After washing, cells were
incubated at RT for 2 hours with secondary antibodies and with
1:5000 49,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich). Kid-
ney tissues were fixed overnight at RT with 4% formaldehyde, em-
bedded in paraffin, and sectioned (5 mm) for histological analysis.
Before staining, paraffin was removed from the sections, rehy-
drated, and subjected to antigen retrieval by treatment with Dako
target retrieval buffer (catalog no. S1699, Dako, Glostrup, Denmark,
http://www.dako.com) 20minutes inmicrowave at 350W. The an-
tibodies concentrations are described in supplemental online
Table 2. The imageswere acquired in fluorescentmodeusing a Zeiss
Axiovision A1 microscope (Carl Zeiss Inc., Thornwood, NY, http://
www.zeiss.com) and aCell Observer SpinningDisk confocalmicro-
scope. Cell frequencies were evaluated by counting positive cells in
four to six different random fields at 340 magnification
(supplemental online Table 3).

Annexin V Assay

Cellswere trypsinized and analyzedby flowcytometry to evaluate
cell viability after seven daily transfections. About 105 cells were
suspended in 100 ml Annexin V binding buffer (Pharmingen
Annexin V-FITC Apoptosis Detection kit, BD Biosciences, Franklin
Lakes, NJ, http://www.bdbiosciences.com/) containing 5 ml
Annexin V antibody and 5 ml DAPI solutions. The mix was incu-
bated for 15 minutes at RT before addition of 400 ml Annexin V
binding buffer. The analyses were performed by using a BD FACS
Canto II cytometer (BD Biosciences) and BD FACSDiva Software.

Intracellular MAFA smRNA detection

Cells transfected with smRNA for 5 consecutive days were incu-
bated overnight for 16 hours with MAFA Hu-Cy5 SmartFlare
RNA Detection Probe (SF-3118, EMD Millipore, Billerica, MA,
http://www.emdmillipore.com) in 10% FBS-containing DMEM
low glucose without antibiotics. After incubation, differentiated
HDDCs were analyzed by using Zeiss Axiovision A1 microscope.

Luciferase Assay

HEK293 and MIN6 cell lines were plated into white 96-well
plates before being transfected using jetPEI reagent at day
1 with 100 ng of a vector expressing luciferase under the con-
trol of the insulin promoter or with an empty control vector to
measure background signal (SwitchGear Genomics, Menlo
Park, CA, http://www.switchgeargenomics.com). At day 2,
HEK293 were transfected with 100 ng of MAFA smRNA. At
day 3, both HEK293 and MIN6 cells were incubated in dark
condition for 30 minutes at RT with 100 ml Light Switch Assay
Solution (SwitchGear Genomics) containing the luciferase
substrate. Luciferase activity was measured for 10 seconds
by using a Victor 34 plate reader (PerkinElmer, Waltham,
MA, http://www.perkinelmer.com).

Figure 1. Plasmid template for generation of synthetic modified
RNAs. Structural diagram shows “ready-to-use” plasmid containing
59 and 39 UTR sequences used to generate smRNAs of interest. The
ORFs for PDX1, NGN3, andMAFA were cloned and subsequently ex-
cised outwardly to the UTR regions using Acc65I and SphI enzymes. A
polyA tail was added to the template with a polymerase chain reac-
tion, and the amplicons were then used for in vitro transcription.
Abbreviations: ORF, open reading frame; pUC, origin of replication;
smRNA, synthetic modified mRNA; UTR, untranslated region.
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Electron Microscopy

Ultrastructure analysis was performed on differentiated HDDCs
fixed with 1% glutaraldehyde in 0.1 M sodium cacodylate buffer
for 2 hours at 4°C, pH 7.4. The cells were then washed in 0.1 M
sodium cacodylate and postfixed for 2 hours at 4°C in 1% osmium
tetroxide. After a further washing, the cells were dehydrated in
series of graded ethanol and embedded in Spurr. Cut sections
of the samples were analyzed, colored with lead citrate, and ura-
nyl acetate for 10 minutes each at RT, and observed in the trans-
mission electronmicroscope at 80 kV (CM12, FEI, Eindhoven, The
Netherlands, http://www.fei.com).

Laser Scanning Confocal Microscopy

HDDCs were plated into m-slides glass bottom (Ibidi, Planegg/
Martinsried, Germany, http://www.ibidi.com) and transfected
with MAFA smRNA for 5 consecutive days. After 24 hours from
the last transfection, the cells were analyzed with the LSM510 la-
ser scanning confocal. The backscatter signal was obtained by us-
ing a 633-nm laser. Scanning speed and laser intensity were
adjusted to minimize the labeling in the nontransfected cells.

Calcium Signaling Detection

The smRNA transfections were performed on HDDCs plated onto
eight-well glass chamber slides. After treatment, cells were
washed in Krebs Ringer Bicarbonate HEPES buffer (137mMNaCl,
4.8 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO40.7H2O, 2.5 mM
CaCl20.2H2O, 5 mM NaHCO3, 16 mM HEPES, 0.1% bovine serum
albumin, pH 7.4) and incubated with Fluo4-AM (Thermo Fisher
Scientific Life Sciences) for 60 minutes at 37°C. Cells were then
washed in Krebs buffer for an additional 15 minutes to remove
nonspecific dye. The images were acquired by using a Zeiss Axio-
vision A1 microscope after consecutive incubations of HDDCs
with low (2.8 mM) glucose, high (20.2 mM) glucose, and low-
glucose Krebs buffer containing 30 mM KCl for 30 minutes.

Glucose-Stimulated Insulin Secretion Assay

The cells were plated onto a 6-well plate and transfected with
smRNA for 7 consecutive days. Subsequently, the cells were
washed with PBS and incubated in 500 ml Krebs Ringer bicarbon-
ateHEPES solution for 24hours in basal and stimulated conditions
(2.8 mM and 20.2 mM glucose, respectively). The supernatant
was collected and stored at280°C until analysis. Insulin secretion
was measured by using the Bio-Plex Pro Assays kit (Bio-Rad, Her-
cules, CA, http://www.bio-rad.com). Fluorescencewasmeasured
by using a Bio-Plex 200 system (BioRad).

Insulin Content Measurement

CelLytic M reagent (Sigma-Aldrich) was used to extract insulin
content. Protein content was consecutively measured using Bio-
Plex Pro Assays kit (Bio-Rad). Fluorescence was measured using
a Bio-Plex 200 system (BioRad).

Transplantation Studies

Experimental diabetes was induced in immunosuppressed SCID-
beige male mice aged 8–10 weeks by intraperitoneal injection of
streptozotocin (STZ) (180mg/kg bodyweight). Animalswere con-
sidered diabetic only if morning-fed blood glucose exceeded
350 mg/dl. A week after STZ injection, 13 106 of differentiated or
undifferentiated HDDCs were transplanted under kidney capsules

of the animals under isoflurane anesthesia. Animals were main-
tained on a 12 hours light/dark cycle during all the experimental
procedure. Glycemia and body weight were monitored every
24 hours during follow-up period. At specific time points, intra-
peritoneal glucose tolerance assay was performed by IP injection
of 2 g/kg body weight D-(+)-glucose and glycemic levels of the an-
imals were measured at time 0 and 30 minutes after injection,
whereas serum was collected to measure human insulin at 0,
15, and 30 minutes from glucose administration. Serum human
insulin were measured by using Bio-Plex Pro Assays kit (Bio-
Rad), with fluorescence read on a Bio-Plex 200 system (BioRad).
At selected times, animals were sacrificed and kidneys were re-
moved for graft analysis. All experiments were performed under
approval of the ethical committee of our institution.

Statistical Analysis

Results are expressed asmean6 SEM, and statistically significant
differences were assessed using an unpaired Student’s t test. All
data were analyzed by Prism 5 software (GraphPad, San Diego,
CA, http://www.graphpad.com).

RESULTS

Messenger RNAs for PDX1,NGN3, andMAFAweremanufactured
using a ready-to-use plasmid (pRTU) to avoid the need for splint re-
actions (Fig. 1). After digestion,UTR-flankedORFswere polyA-tailed
to generate templates for IVT. Purified smRNAswere then treated
with phosphatase to remove immunogenic residues. Although
our initial HDDC populations were devoid of insulin or amylase
expression from passage (P) 1 onward (data not shown),
transfection experiments were carried out on HDDCs from
P 2 to 5 to avoid the possibility of contamination with b or ac-
inar cells. As described elsewhere [15], HDDCs are a uniform
lineage of cells arising from purified CA19-9+ human pancre-
atic ductal cells and presenting partial EMT features with
coexpression of mesenchymal and ductal epithelium
markers. HDDCs have advantageous characteristics in terms
of proliferation [15] and resistance to cryopreservation, as
we calculated a recovery rate of 73.2% 6 9.9% (n = 5) after
one cycle of cryopreservation at 2196°C.

For transfection experiments, the jetPEI cationic vehicle was
chosen fromamongother reagents (RNAiMAX and Lipofectamine
2000 [Thermo Fisher Scientific Life Sciences], X-treme GENE
[Roche], polyethylenimine; data not shown) for its superior effi-
cacy and minor toxicity. Reprogramming protocols were assayed
after daily transfections (n = 7) to ensure sustained ectopic RNA
and protein expression [32]. Study of the uptake kinetics (Fig. 2A,
supplemental online Fig. 1) showed that peak cytoplasmic con-
centrationsof smRNAoccurred48hours after single transfections
before being progressively degraded and undetectable after 5
days. Dose-response experiments were performed to evaluate
the amounts of daily transfections required for differentiation
to occur while maintaining viable cells. Our data showed that
smRNAs for PDX1, NGN3, andMAFA were detected without var-
iation of expression levels after 5, 7, or 10 daily transfections
(respectively, 6.7 6 3.2-fold, 11 6 6.5-fold, 22.9 6 7.0-fold
untransfected controls; n = 5-11), suggesting a noncumulative
effect of consecutive transfections after 5 days, when HDDCs
achieved confluence. However, stability of MAFA smRNA was
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higher in HDDCs after 7 days as compared with PDX1 and NGN3
smRNAs (Fig. 2B).

Further experiments validated the efficiency of the smRNA
system and the biological activity of cytoplasmic smRNAs. First,
we studied the integrity ofMAFA smRNA by evaluating its capac-
ity to hybridize with a complementary base pair sequence of hu-
man MAFA gene. For this purpose, we used the Smart-Flare
technology (EMD Millipore), which uncovered hybridization of
the probes with MAFA by emission of cyanine 5 fluorescence in
HDDCs (7.6%61.2%) after a series of 5 daily smRNA transfections
(Fig. 2D and 2E). Second, we evaluated protein translation of ex-
ogenous smRNA via the production of a template encoding for
enhanced green fluorescent protein (EGFP), and we observed
fluorescence in45.3%618.4%ofHDDCs (n=3) after 5daily trans-
fections (Fig. 2F and 2G). In addition, MAFA protein expression
was detected with nuclear localization in 39.3% 6 6.2% HDDCs
after 5 daily transfections (Figs. 3D, 3E, 4F–4I). Third, to verify
whether the overexpressed MAFA protein had an insulin pro-
moter binding capacity, we performed a luciferase assay using
the HEK293 cell line. After a single MAFA smRNA transfection,
we observed a 5.96 0.8-fold increased luciferase activity as com-
pared with untransfected cells, whereas no luciferase activity
could be detected withMIN6 cells (Fig. 2C), suggesting specificity
to exogenous humanMAFAprotein. Fourth, in all experiments in-
volving PDX1, NGN3, and MAFA smRNA transfections, HDDCs
showed upregulation of endogenous biological targets related
to each TF. EndogenousNGN3 andMAFAwere respectively upre-
gulated after PDX1 and NGN3 smRNA overexpression (data not
shown), whereas endogenous pyruvate carboxylase (PC) and pro-
lactin receptor (PRLR) expression increased after MAFA smRNA
transfection (Fig. 4B).

Because cytoplasmic delivery of single-strand RNAs in mam-
malian cells may trigger cellular immune response with induction
of apoptosis pathways, we evaluated whether smRNA transfec-
tion affected HDDCs expression profile and viability. When ana-
lyzed after 7 daily MAFA smRNA transfections, HDDCs activated
the expression of interferon-a (IFNa), protein kinase R (PKR),
and retinoic acid-inducible gene 1 (RIG-1) at low levels compared
with control cells incubated with transfection reagent only (CTL
+JP condition) (Fig. 3A). By immunostaining, we observed that
high proportions of HDDCs coexpressed PKR and MAFA proteins
(44.9% 6 16.1%, n = 3), whereas only 20.5% 6 4.5% (n = 3) of
MAFA+/PKR2 HDDCs were observed (Fig. 3B–3E). No evidence
was found of PKR+/MAFA2 cells. Although the innate immune
response was triggered in HDDCs by smRNAs, we detected
acceptable levels of cell toxicity after transfections. Using flow
cytometry, we detected 65.3%6 13.8% (n = 3) of viable HDDCs af-
ter 7 daily MAFA smRNA transfections, compared with 82.5% 6
1.9% (n = 3) and 83.0% 6 0.4% (n = 3), respectively, in CTL+JP
condition or control cells without any treatment (CTL) (Fig.
3F, 3G). B18Rwas added in our reprogrammingmedia, although
its omission did not significantly alter cell viability (supplemental
online Fig. 2A).

For differentiation purposes, we first evaluated the common
potential of PDX1, NGN3, and MAFA smRNAs to induce b-cell
reprogramming and observed that protocols where TFs were
combined or sequentially dispensed failed to modify HDDCs ex-
pression profile, without significantly affecting cell viability (data
not shown). In contrast, HDDCs transfected with single TFs ac-
quired some characteristics of b cell-like derivatives, with the
highest expression levels obtained after MAFA overexpression
(Fig. 4A). MAFA smRNA transfection induced the expression of

Figure 2. Validation of the smRNA system. (A): Time course showing kinetics and stability ofMAFA smRNA after single transfection on human
pancreatic duct-derived cells (HDDCs) at passages 2–5 (n = 3). (B): Quantitative real-time polymerase chain reaction shows the detection of
exogenous PDX1, NGN3, andMAFA smRNAs on HDDCs (passages 2–5) after 7 consecutive daily transfections (n = 5–11). (C): Luciferase assays
showed the binding of exogenous MAFA protein to human insulin promoter after transfection on HEK293. MIN6 cells were used as negative
control (n = 3–5). (D, E): Fluorescent hybridization probes allowed detection of cytoplasmicMAFA smRNA (red) in 7.6%6 1.2% of HDDCs after 5
transfections. (F, G):After 5 daily transfectionswith EGFP smRNA, 47.6%6 27.4%of HDDCs sustained green fluorescence emission. Scale bars =
400 mm (F), 50 mm (D, G), and 25 mm (E). Abbreviations: eGFP, enhanced green fluorescent protein; MAFA, V-Maf musculoaponeurotic fibro-
sarcoma oncogene homolog A; smRNA, synthetic modified mRNA.
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a repertoire of b-cell markers in HDDCs, including NEUROD,
NKX2.2,NKX6.1,GATA4,PAX6, glucokinase (GCK),GLUT2 (SLCA2),
and FOXA2 (Fig. 4B). Control experiments were performed to dis-
tinguish the effects ofMAFA-induced differentiation from those
provoked by the inflammatory response to smRNA transfection.
Gene expression analysis showed the absence of significantb-cell
differentiation of HDDCs after 7 daily consecutive transfections
with EGFP smRNA (1.36 0.2-fold and 1.96 0.3-fold undifferen-
tiated HDDCs [n = 3], respectively, for insulin and synaptophysin
expression, DDCt) or after 72-hour incubation with IFNa (0.8 6
0.3-fold and 1.1 6 0.6-fold undifferentiated HDDCs [n = 3], re-
spectively, for insulin and synaptophysin expression, DDCt)
(supplemental online Fig. 2B).

Because undifferentiated HDDCs showed mesenchymal and
EMT features [15], we evaluated whether these were affected
by MAFA-induced reprogramming. After 7 daily MAFA transfec-
tions, HDDCs showed significant downregulation of EMTmarkers,
such as N-cadherin (CDH2) and Snail1, and upregulation of
fibroblast-specific protein 1 (FSP-1) (supplemental online Fig.
3A). Characteristic partial expression of mesenchymal markers
(vimentin, aSMA, and CD73/CD90/CD105 triad) was unchanged
(supplemental online Fig. 3A). Furthermore, HDDCs resulting
fromMAFA-induced differentiation (calledb-HDDCs) globally de-
creased their expression of mesenchymal proteins as compared
with undifferentiated HDDCs: whereas only a trend toward de-
creased aSMA expression was observed (from 71% 6 13.4% to
50.5%6 24.7%, n = 3–4; p = .4), nestin was significantly downre-
gulated (from 98.4%6 1.6% to 73.9%6 17.6%, n = 3; p ˂ .05) and
vimentin expression was lost in b-HDDCs (supplemental online
Fig. 3C–3I).

By immunostaining, we observed that b-HDDC populations
contained 37.3% 6 4.8% insulin+ cells (n = 5) (Fig. 4D, 4E),
whereas control populations were devoid of insulin expression.
High proportions of differentiated HDDCs showed coexpression
ofb-cell proteins: afterMAFA-induced reprogramming,we found

31.8%6 8.2% insulin+/MAFA+ cells (n = 5) (Fig. 4F–4I), 46.0%6
5.3% PDX1+ cells (n = 3) (Fig. 4L), and 36.3% 6 2.16% insulin+/
GLUT2+ cells (n = 3) (Fig. 4M). Moreover, 50.3% 6 6.6% (n = 3) of
insulin+ b-HDDCs coexpressed Ki67 (supplemental online Fig. 3J),
confirming cell proliferation in these cells during MAFA-induced
endocrine reprogramming. All insulin-positive cells coexpressed
PKR (31.0% 6 3.18% insulin+/PKR+ cells, n = 3) (Fig. 3C) in
our differentiated population, whereas no insulin2/PKR+ and
insulin+/PKR2 cells were detected.

According to previous studies [33], b cell-like derivatives
obtained after reprogramming or transdifferentiation may differ
from bona fide b cells by expression and/or secretion of multiple
pancreatic endocrine hormones. Similarly, our data suggested
thatb-HDDCs acquired somatostatin (SST) (38.56 11.7-fold con-
trols, n = 5) and pancreatic polypeptide (PP) (8.666 4.3-fold con-
trols, n = 3) gene expression (Fig. 5A). b-HDDC populations
contained 13.3%6 7.2% SST+ cells (Fig. 5B), and colocalization
of islet hormones was observed by immunostaining with
25.2% 6 5.9% of b-HDDCs coexpressing insulin and PP (n = 3)
(Fig. 5C, 5D). Only negligible quantities of human SST (0.8 6
0.4 pmol/106 cells, n = 3 [Fig. 5E]) were secreted by b-HDDCs.
Furthermore, our b-like cells did not show any significant gluca-
gon (GCG) gene (1.56 0.44-fold, n = 5) (Fig. 5A) or protein (data
not shown) expression.

Structural changes were observed in HDDCs after MAFA-
induced differentiation. Using flow cytometry, we observed
that MAFA overexpression led to morphological switch of
HDDCs with increased cell size and granularity, as com-
pared with HDDCs transfected with EGFP or untreated cells
(supplemental online Fig. 4). Ultrastructure analysis showed
presence of cytoplasmic insulin secretory granules in differenti-
ated HDDCs. Both mature crystallized insulin granules and im-
mature light vesicles without dense core were observed (Fig.
5F–5H). In contrast, no abnormal endocrine granules were
found in our cell population. Additionally, we investigated the

Figure3. Effects of syntheticmodifiedmRNAs (smRNAs) on cellular innate immune response. (A): Increased levels ofPKR, IFNa,andRIG-1gene
expression were detected on human pancreatic duct-derived cells (HDDCs) after 7 transfections (n = 3–6). (B–E): PKR protein expression was
detected after smRNA transfection. (F, G): Flow cytometry analysis showed similar cell viability in smRNA-transfectedHDDCs and control HDDCs
incubatedwith jetPEI (n = 3). p, p, .05 comparedwith control HDDCs. Scale bars = 100mm (B–D) and 25mm (E). Abbreviations: CTL + JP, control
HDDCs incubatedwith transfection reagent only (jetPEI); DAPI, 49,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanateins; INS, insulin;
MAFA, V-Maf musculoaponeurotic fibrosarcoma oncogene homolog A; PKR, protein kinase R.
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presence of b-cells and insulin granules evaluating the intrin-
sic capacity of light scattering of the cells. This property in pan-
creatic islets depends on the abundance of hormone-containing
secretory granules, which are composed of dense crystal struc-
tures [34]. When assessed for their scattering feature, HDDCs
showed increased signal after MAFA differentiation (Fig. 5I),

whereas in control populations the backscatter capacity was
negligible.

To determine whether b-HDDCs secreted insulin and
C-peptide in response to stimulated conditions, we performed
glucose stimulated insulin secretion assays showing that our
b-like cells released significant amounts of human insulin in the

Figure 4. In vitrob-cell differentiation of human pancreatic duct-derived cells (HDDCs) . (A):HDDCs individually transfectedwith PDX1,NGN3,
andMAFA show upregulation of INS and SYN gene expressionwith highest detection levels observed inMAFA transfection conditions (n = 3–6).
pp, p, .01 compared with PDX1 and NGN3 conditions. (B): Real-time polymerase chain reaction analysis also shows upregulation of several b-cell
markers (NeuroD, NKX2.2, GATA4, PAX6, GCK, GLUT-2, FOXA2, NGN3, MAFA, PDX1, NKX6.1) andMAFA biological target genes (Pc, Prlr) after
transfectionswithMAFA syntheticmodifiedmRNA (n=3–11). Logarithmic scale is presented as powers of 10. (C): INS expressiononHDDCsafter
5 transfections withNGN3 smRNA. (D, E): Immunostaining for INS (green) in HDDCs after 5 transfections withMAFA smRNA. (F–I): After MAFA
differentiation, HDDCs coexpressed insulin and MAFA localized into the nucleus. (J–L): Positive staining for PDX1 (J) and coexpression of INS
(green) and GLUT-2 (red) (K and L) were observed on HDDCs after 5 transfections withMAFA smRNA. Staining images are representative of 3–5
different experiments. Scale bars = 200mm (D, F, J–L), 100 mm (C), 50mm (G, H), and 20mm (E, I). Abbreviations: DAPI, 49,6-diamidino-2-phenyl-
indole; INS, insulin; MAFA, V-Maf musculoaponeurotic fibrosarcoma oncogene homolog A; PDX1, pancreatic duodenal homeobox 1.
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media respectively inbasal (2.8mMofglucose) (4.961.9ng/ml/mg
protein, n = 4) and stimulated conditions using high (20.2 mM) glu-
cose (8.96 0.4 ng/ml/mg protein, n = 4), KCl (10.46 1.6 ng/ml/mg
protein, n = 5), and 3-isobutyl-1-methylxanthine (IBMX) (8.96
0.4 ng/ml/mg protein, n = 4) (Fig. 6A). b-HDDCs secreted C-
peptide in basal (7.56 1.5 pg/ml/mg protein, n = 4) and stimu-
lated conditions with KCl (1417.5 6 606.8 pg/ml/mg protein,
n = 4), IBMX (1170.86 164.2 pg/ml/mg protein, n = 3), and tol-
butamide (3039.5 6 493.0 pg/ml/mg protein, n = 3) (Fig. 6B).
Surprisingly, diazoxide did not decrease insulin and C-peptide
secretion levels (data not shown). Total insulin content of
b-HDDCs was 12.0 6 7.4 ng/mg DNA (n = 4) (Fig. 6C), which is
slightly lower than the expected range for human islet prepara-
tions (from 75 to 454 ng/mg DNA [35]).

Consistent with the insulin secretion analysis, increased levels
of intracellular calcium concentrations were observed by monitor-
ing cytoplasmic influx. Although low levels of calcium ionswere de-
tected in basal (2.8 mM) condition, differentiated HDDCs showed
increased intracellular calcium concentration after incubation in
high glucose (20.2mM) (Figs. 6D–6H). These data suggest that dif-
ferentiated HDDCs secreted insulin in low-glucose conditions and
significantly responded to increased levels of glucose stimulation.

To assess the function ofb-HDDCs in vivo, we transplanted 13
106 differentiated cells under the kidney capsule of STZ-treated
SCID-beige mice. Within the first week after transplantation,
b-HDDCs induced a significant reduction of blood glucose levels

in nonfasted condition as compared with control mice transplanted
with 1 3 106 undifferentiated HDDCs (Fig. 7A). Body weight of
b-HDDC-transplantedmicewassignificantly improved1and3weeks
after transplantation (Fig. 7B). During a follow-up period of 23 days,
blood glucose values varied whereas mean blood glucose values
were globally significantly reduced in the b-HDDC-transplanted
group (Fig. 7C). Human insulin secretion was detected at day 7 after
transplantation in thebloodstreamofb-HDDC-transplanted animals
(131.16 19.2 pg/ml at time 0, n = 4) and showed a response to
acute glucose challenge after 15 (327.46 166.3 pg/ml,n=4) and
30 (696.86 167.7 pg/ml, n = 4) minutes (Fig. 7D). Graft analyses
showed cell clusters located under the fibrous capsule that
expressed human insulin and human MAFA (Fig. 7H–7M) without
reactivity to antiglucagon antibodies. These data suggested the in
vivo maintenance of a mature phenotype by b-HDDCs, which
allowed fast glycemic improvements in transplanted animals.

DISCUSSION

The limited supply of cadaveric donors for islet or pancreas trans-
plantation stimulated the search for new sources of functional
insulin-producing cells with potential for translational studies.
We previously showed the capacity of HDDCs to secrete human
insulin [15], and although differentiated HDDCs did not respond
to glucose challenges, several features make HDDCs appro-
priate candidates for cell therapy (e.g., ease of isolation, high

Figure 5. Polyhormonal feature and insulin granules of differentiated human pancreatic duct-derived cells (HDDCs). (A):MAFA-transfected HDDCs
showedgeneexpressionofSSTandPP, butnotGCG (n=3–5). (B–D): Immunostaining forSST (B)andPP (D)onb-likeHDDCsconfirmed thequantitative
polymerasechain reactiondata (n=3). (C):b-LikeHDDCscoexpressed INSandPPas shownby immunofluorescence.Only10.3%63.3%of the cells
showedexclusive expression pattern (arrow). (E): Enzyme-linked immunosorbent assay showing negligible quantities of human SST secreted
by b-HDDCs compared with control group (CTL + JP). (F–H): Electronmicroscopic images of bothmature (F, G) and immature granules (H) in
differentiated HDDCs. (I): Increased signal of intrinsic light backscattering induced by insulin content on HDDCs after MAFA overexpression
comparedwith undifferentiated cells (CTL + JP condition in small box). Scale bars = 500 nm (F–H), 100mm (B–D), 10mm (I), and 50mm (I, small
box). Abbreviations: CTL + JP, control HDDCs incubated with transfection reagent only (jetPEI); DAPI, 49,6-diamidino-2-phenylindole; GCG,
glucagon; INS, insulin;MAFA, V-Mafmusculoaponeurotic fibrosarcomaoncogenehomologA; PP, pancreatic polypeptide; SST, somatostatin.
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proliferation rate, absence of phenotypic alteration after thaw-
ing). In the current study, we developed a new RNA-based tech-
nology that allows fast, reliable, and robust b-cell differentiation
of HDDCs to functional levels with glucose-responsive insulin and
C-peptide secretion properties.

RNA-based reprogramming is regarded as a strong alterna-
tive to DNA-based techniques to generate defined cell types
for clinical application [24, 36, 37]. In 2010, Warren et al. dem-
onstrated the successful smRNA-mediated reprogramming of
human fibroblast to induced pluripotent stem cells (iPSCs) in
vitro [27] using transcripts for KLF4, c-MYC, OCT4, and SOX2.
Their protocol was reportedly 36-fold more effective in deriv-
ing iPSCs than a similar retroviral-based procedure. The reli-
ability of the smRNA reprogramming method was also
assessed in vivo. In a mouse model of myocardial infarction,
heart function and survival of animals were improved after a
direct and single intramyocardial injection of human vascular
endothelial growth factor A (VEGF-A) smRNA [23]. After VEGF-
A overexpression, histology showed reduced infarct size and
concomitant expansion and differentiation of endogenous
heart progenitors cells. For clinical perspectives, RNA-based
reprogramming bears the advantage over DNA-based tech-
niques to be devoid of risk for insertional mutagenesis and geno-
mic integration that may disrupt cell cycle control and lead to
outgrowth of transplanted cells [24, 36, 37].

On the basis of this evidence, we evaluated the potential of
smRNA-based protocols to drive HDDCs toward functional insulin
production. Synthetic mRNAs encoding for PDX1, NGN3, and
MAFATFswere synthesizedusing a ready-to-useplasmidbecause
this strategy allows fast and large-scale production of transcripts.
Transfectionsweredispenseddaily onHDDCs toensure sustained
ectopic protein expression [25, 38, 39]. We observed peak exog-
enous smRNAs concentrations at 48 hours after transfection
without cumulative effect on cytoplasmic smRNA levels during
daily transfection protocols. Similarly, rapid decay of EGFP pro-
tein expression was demonstrated elsewhere [27] after single
smRNA transfections, motivating the use of 24-hour transfection
regimens. The delay observed in the smRNA uptake in our system
could be partly related to the nature of our cell population (ex-
panded cells generated after partial EMT) and to the transfection
reagent (i.e., jetPEI) used, which could lead to different patterns
of endosomal escape rates. Indeed, a temporal diversity was ob-
served in the way endosomes release their lipocomplex into the
cytosol [40]. This diversity might be fostered by the specific com-
binations of our reprogramming protocol.

In our system, efficient smRNA-to-protein translation was
shown in HDDCs by detection of cytoplasmic fluorescence in-
duced by EGFP smRNA and by nuclear localization of MAFA pro-
tein after MAFA smRNA transfection. According to protein
expression levels, we estimate our transfection efficiency to be

Figure 6. MAFA overexpression drives reprogramming into functional insulin-producing cells. (A): Bioplex analysis in culture media of b-like
HDDCs showed a significant increase of insulin output between low (2.8mM) and high (20.2mM) glucose, KCl, or IBMX conditions (n = 4–5).
p, p, .05 comparing high glucose and IBMX to low-glucose condition. (B): Secretion of C-peptide was detected in basal and stimulated
conditionswith KCl, IBMX, or Tol. ppp, p, .001 comparing low glucose toKCl, IBMX, and Tol;p, p, .05 comparing tolbutamide to IBMXcondition.
(C): Total insulin content observed on b-HDDCs compared with control group. (D): Analysis of fluorescence microscopic images after Fluo-4 AM
stainingshowingsignificant increased levelsof cytoplasmiccalciumconcentration instimulated(20.2mM)conditionsand lowersignal in low-glucose
(2.8mM)andcontrol conditions. (E–H): Fluorescence imagesof Fluo-4AMstaining in control (E), low-glucose (F),andhigh-glucoseconditions (G,H).
Scale bars = 400mm (E), 200mm (F, G), and 100mm (H). Abbreviations: CTL, control; DAPI, 49,6-diamidino-2-phenylindole; Fluo, fluorescent; Fluo-
4AM, nonfluorescent acetoxymethyl ester; Gluc, glucose; HDDC, human pancreatic duct-derived cell; IBMX, 3-isobutyl-1-methylxanthine; IOD,
integrated optical density; MAFA, V-Maf musculoaponeurotic fibrosarcoma oncogene homolog A; ND, not determined; Tol, tolbutamide.
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between 35% and 50% with EGFP and MAFA smRNAs, which is
slightly lower thanother studies reportinghigher transfection rates
(50%–100%) [23, 27, 37, 41, 42], although performed either in ro-
dent adult orhuman fetal tissues.MAFAproteinwas able tobind to
human insulin promoter in HEK293 cells that were used for their
capacity to efficiently overexpress ectopic and recombinant pro-
teins [43]. Furthermore, functionality of PDX1, NGN3, and MAFA
proteins was suggested by the activation of specific target genes
after transfection of corresponding smRNAs into HDDCs.

During IVT of smRNAs, ribonucleotides were substituted by
modified nucleotides and 59 triphosphates were capped accord-
ing to published protocols [44–46] to escape from cellular antivi-
ral responses. Exogenous single-stranded RNA were shown to
activate IFN and nuclear factor kB pathways [47]. Therefore,

the B18R molecule—a vaccinia virus decoy type I IFN receptor—
was supplemented to media during smRNA transfection to cap-
ture IFN molecules, although we could not confirm that adding
B18R improved cell viability. In our system, HDDCs showed evi-
dence for activation of innate immune response with expression
of IFNa,PKR, andRIG-1markerswhilemaintainingacceptable lev-
els of cell viability (Fig. 3F and 3G), as compared with other reports
showing 70%–80%viable cells after RNA transfection [23, 27, 41, 45].

Our investigations showed thatMAFA smRNAwas superior to
PDX1 and NGN3 for inducing b cell-specific gene expression in
HDDCs. Although many pancreatic TFs may be used to engineer
b-cell surrogates [48, 49], MAFA is the lead regulator of b-cell
function [50–53] and is critical to maintain glycemic control
in mice [54, 55]. Moreover, MAFA itself is responsible for b-cell

Figure 7. b-Human pancreatic duct-derived cell function after transplantation into diabeticmice. In vivo function ofb-HDDCswas assessed by
transplanting 13 106 differentiated cells under the kidney capsule of streptozotocin-treated SCID-beige mice (n = 8). (A):Within the first
week after transplantation,b-HDDCs induced a significant reduction of blood glucose levels in nonfasted condition as comparedwith control
mice transplantedwith 13 106 undifferentiatedHDDCs (n = 2–8). p, p, .05 comparing Trp-MAFA to control group. (B):Animals treatedwith
b-HDDCs (n = 8) showed significant restoration of their initial body weight at 1 and 3 weeks after transplantation compared with control
animals (n = 3–7). p, p, .05 and pp, p, .01 comparing Trp-MAFA group to control group, respectively, at 1 week and 3 weeks after trans-
plantation. (C): During a follow-up period of 23 days, daily mean blood glucose values were significantly reduced in the b-HDDCs transplanted
group. ppp, p, .001 comparing Trp-MAFA group to control group. (D):Human insulin secretionwas detected at day 7 after transplantation in the
bloodstreamofb-HDDC-transplantedanimals, showingaresponsetoacuteglucosechallengeafter15and30minutes (n=4).pp,p, .01comparing
insulin secretion at 15 and 30 minutes to 0 minutes. (E–K): Graft analyses showed cell clusters located under the fibrous capsule that expressed
human insulin and human MAFA. Scale bars = 400 mm (H, J), 200 mm (G), and 100 mm (I). Abbreviations: CTL, control; DAPI, 49,6-diamidino-2-
phenylindole; INS, insulin; MAFA, V-Maf musculoaponeurotic fibrosarcoma oncogene homolog A; Trp, transplanted.
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maturation of endocrine progenitors or neonatal b cells, as shown
by overexpression or knockdown studies in rodent [56, 57] or hu-
man fetal islet [58] cells. Also, MAFA synergizes with other
pancreas-specific TFs (e.g., PDX1, NGN3, PAX4) for b-cell transdif-
ferentiation frommousepancreatic [18,59]or liver [39,60]progen-
itors. For example, temporal and hierarchical overexpression of
PDX1, PAX4, andMAFA inducedb cell-like characteristics in human
liver cells in vitro [61], and interestingly, the omission of MAFA
from the last stage of differentiation protocols ablated b cell-like
maturation. In our system, HDDCs did not showevidence for trans-
differentiationwhenMAFA,NGN3, andPDX1 transcriptswere con-
comitantly or sequentially transfected, although cell viability was
preserved.Thisparticularitymaybepartlyaccountedtothespecific
phenotype of HDDCs that display partial EMT features [15].

MAFA-transfected HDDC populations contained up to 37% in-
sulin+, 36% GLUT-2+, and 46% PDX1+ cells. By comparison, state-
of-the-artb-cell differentiation strategieswith embryonic stem cells
report 25%–50% insulin- or C-peptide-expressing cells [4, 6, 62, 63]
after a 14- to 18-day in vitro procedure. In these studies, an impor-
tantproportion (15%–70%)of insulin+ cells coexpressedGCGand/or
SST.Recent refinements in the2weeklongstepwiseprotocols [7,64]
led to enrichment of monohormonal insulin+ populations (up to
50%) and to consecutive improvements of in vivo insulin secretion
capacities [7]. In our system, b-HDDC populations did not contain
GCG but yielded 13% insulin+/SST+ cells and 25% insulin+/PP+

cells. These polyhormonal cells only secreted low amounts of SST
inmedia (not significantly different fromcontrol groups), suggesting
only negligible influences on insulin secretion or glucose homeosta-
sis. AlthoughMAFA restricts SST expression during normal pancreas
development [54], stem cell- or progenitor-derived b-like cells may
harbor unexpected phenotypes that resemble immature endocrine
cells to some extent [62]. For example, in Zhou’s group [65] 2014
studyonadultmouseacinar cell reprogramming, theyobserved that
Ad-Ngn3 alone induced the acquisition of SST expression by 40% of
infected cells. When combined with Ad-MAFA, both GCG+ and SST+

cellswereobtained in culture [65]. Similarly, Rezaniaetal. [66] found
insulin+/SST+-coexpressing cells in theirNKX6.1+-enriched fractionof
human embryonic stem cell-derived endocrine lineages. In our sys-
tem, HDDCs derive from human ductal cells that are known to ex-
press PDX1 at low levels [67], and expanded HDDCs contain PDX1
mRNA at detectable levels. Furthermore, MAFA overexpression in
HDDCs ledtoupregulationofPDX1expression.Onehypothesismight
be that these basal PDX1 levels temporally combined to an increase
of MAFA-induced PDX1 expression and led to SST gene and pro-
tein induction in HDDCs. However, this hypothesis—as it is for
PP expression—would be difficult to confirm experimentally be-
cause little is known about d cell development. By comparison,
population of HDDCs differentiated with growth factors [15] did
not show expression of GCG, SST, or PP. MAFA thus induces a
deeper involvement of HDDCs into the endocrine lineage, which
is also suggested by the EMT (i.e., N-cadherin, Snail1) and mesen-
chymal (e.g., vimentin) marker downregulation shown by MAFA-
transfected cells, although differentiated HDDCs maintained the
expression of severalmesenchymalmarkers (e.g.,aSMA, fibronec-
tin, nestin) and upregulated FSP-1. The increased levels of FSP-1,
which is known as a cytoplasmic calcium-binding protein [68],
may partly be explained by the increased intracellular calcium con-
centrations observed in differentiated HDDCs.

A mature b cell-like phenotype was generated in b-HDDCs
with insulin content up to 33.0 ng/mg DNA and glucose-responsive
insulin (and C-peptide) secretion reaching up to 16.8 ng/ml/mg

protein in stimulating conditions. Our limited increase of insulin
secretion in stimulated conditions was also described elsewhere
with ESCs [69] and may represent the requirement for an in vivo
environment for furthermaturation of insulin secretion patterns.
Compared with previous studies that showed b-cell generation
in vitro after differentiation of ESCs [4, 6, 7, 33], we observed
about fourfold lower insulin release with HDDCs. However, the
difference in insulin secretion between HDDCs and ESCs is not
significant anymore when we normalize for the amount of insulin-
positive cells in both systems.

Whenb-HDDCswere transplantedunder the kidney capsule of
immunosuppresseddiabeticmice,weobserved ageneral decrease
of blood glycemia in transplanted animals compared with control
group during a short-term follow-up of 23 days.We demonstrated
a rapidglucose-responsive insulin secretionbyb-HDDCswith levels
being similar to those observed in stem cell-derived b cells [7].
Furthermore, histological analysis of the graft confirmed the
insulin+/MAFA+/GCG2 phenotype of b-HDDCs.

CONCLUSION

Our study confirms the potential of HDDCs to engineer b-like cells
with insulin secretion capacities both in vitro and in vivo. This fea-
ture, together with favorable in vitro characteristics, strengthens
the roleofHDDCsascandidates fordiabetescell therapy.Moreover,
our data show the efficiency of an smRNA-based overexpression
system for reprogramming of human primary cells with differenti-
ation occurring in a timely fashion (5-7 days) and via cost-effective
protocols. Although further work is required to bring smRNA-
reprogramming to clinical grade procedures, our HDDC RNA-
baseddifferentiationmodel shows theopportunity for translational
studies in diabetes andmay lead to applications for other diseases.
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