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ABSTRACT
Bone marrow mesenchymal stromal cells (MSC) have anti-inflammatory, anti-

apoptotic and immunosuppressive properties and are a potent source for cell therapy. 
Cell fusion has been proposed for rapid generation of functional new reprogrammed 
cells. In this study, we aimed to establish a fusion protocol of bone marrow−derived 
human MSCs with the rat beta-cell line (INS-1E) as well as human isolated pancreatic 
islets in order to generate insulin producing beta-MSCs as a cell-based treatment for 
diabetes.

Human eGFP+ puromycin+ MSCs were co-cultured with either stably mCherry-
expressing rat INS-1E cells or human dispersed islet cells and treated with 
phytohemagglutinin (PHA-P) and polyethylene glycol (PEG) to induce fusion. MSCs 
and fused cells were selected by puromycin treatment. 

With an improved fusion protocol, 29.8 ± 2.9% of all MSCs were β-MSC 
heterokaryons based on double positivity for mCherry and eGFP. 

After fusion and puromycin selection, human NKX6.1 and insulin as well as rat 
Neurod1, Nkx2.2, MafA, Pdx1 and Ins1 mRNA were highly elevated in fused human 
MSC/INS-1E cells, compared to the mixed control population. Such induction of beta-
cell markers was confirmed in fused human MSC/human dispersed islet cells, which 
showed elevated NEUROD1, NKX2.2, MAFA, PDX1 and insulin mRNA compared to the 
mixed control. Fused cells had higher insulin content and improved insulin secretion 
compared to the mixed control and insulin positive beta-MSCs also expressed nuclear 
PDX1. We established a protocol for fusion of human MSCs and beta cells, which 
resulted in a beta cell like phenotype. This could be a novel tool for cell-based 
therapies of diabetes.
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INTRODUCTION

Diabetes has become a worldwide health problem 
in our society and curative therapies to restore the insulin 
producing beta cells are urgently needed. Destruction 
and failure of pancreatic beta cells to produce sufficient 
amounts of insulin to maintain normoglycemia are the 
main reasons for type 1 diabetes (T1D) as well as type 
2 diabetes (T2D). Islet transplantation together with an 
improved immunosuppressive therapy [1] is one source 
for new beta cells and a way to restore euglycemia in 
patients and evades the essential need for exogenous 
insulin injection, although only for a limited time because 
of the decline in islet survival with time. Donor islet cells 
are limited and insufficiently available for diabetes therapy 
and the necessary immunosuppression is often too risky to 
justify transplantation in patients with long standing T1D, 
where infections often occur with increased severity [2]. 

Current studies show that co-transplantation of 
MSCs with pancreatic islets prolongs islet survival after 
transplantation due to the unique hypo-immunogenic, 
immunomodulatory, and anti-apoptotic effects of MSCs 
[3-5]. MSCs differentiate into mesodermal lineages like 
osteocytes, chondrocytes, adipocytes, and tenocytes in 
vitro [6] and do not form teratomas in vivo [7]. They have 
been recently suggested as a potential cellular source 
for regenerative therapy also for diabetes with various 
mechanisms to support β-cell protection [8, 9]. On the 
other hand, their immunomodulatory effect through 
paracrine factors and no transdifferentiation capacity has 
been defined in several studies to be the main mode of 
action [4, 10-12].

MSCs are identified by their cell membrane 
markers (CD105+, CD90+, CD73+) and by the lack of 
hematopoietic surface markers and those, which activate 
the host immune system (HLA-DR−, CD14−, CD80−, 
CD86−, CD45−, CD34−, CD79−) [13]. They are easy to 
isolate from the bone marrow and rapidly expandable 
in vitro. After transplantation, MSCs act as suppressors 
of immune responses by producing anti-inflammatory 
cytokines and growth factors, which inhibit monocyte 
maturation and T-/B-cell proliferation but also modulate 
mitogenesis, apoptosis and cell growth [14-17]. The 
immunomodulatory effect was shown in MSC/islet co-
transplantation increasing the number of regulatory T 
cells (Tregs) in rodents and nonhuman primates [3, 18]. 
Induction of insulin-producing cells out of MSC without 
gene transfer was observed in vitro leading to reduced 
blood glucose levels after transplantation [19]. 

Co-transplantation of MSCs together with islets 
into diabetic mouse models successfully improved islet 
function and graft survival as well as glycemia [4, 18, 20-
24], which were induced by MSC-enhanced tissue repair 
and improved re-vascularization. MSCs also improved 
β-cell survival, insulin secretion and insulin sensitivity in 
a T2D model, mainly through their paracrine effects [25]. 

Together, these studies show the potential of MSCs for 
β-cell repair in the pancreas for diabetes therapy. There 
is still the open question of a possible advantage of β-cell 
fusion with MSCs.

Cell-cell fusion, when two cells are fused into 
one, initiates a rapid differentiation process [26]. This 
phenomenon naturally occurs during development, e.g. 
the formation of polyploid muscle (myocyte) or bone 
(osteoclast) cells [27, 28], or in adult tissue repair as 
well as in immune response [29]. The fusion event can 
be induced through three different methods; physically 
(electric pulses), chemically (polyethylene glycol; PEG) 
with random pairing and low efficiency or biologically 
(inactivated virus) [30-32]. Cell fusion results in three 
distinct outcomes; heterokaryon or homokaryon, 
synkaryon and hybrid cells. Heterokaryons are polyploid 
non-dividing cell and often in a transient state, their nuclei 
will fuse later resulting in a polyploid synkaryon in which 
a cell has a nucleus with a combined chromosome pool 
of all nuclei. Proliferating synkaryons make hybrids. 
Heterokaryons offer a unique opportunity to trace the 
variation of chromosome pools in an intact nucleus after 
the fusion event [33].

During cell fusion, epigenetic and genetic 
information of different cell types are combined. When 
two distinct types of cells fuse, the encoding of a group of 
genes activates resulting in a modified cellular expression 
pattern. This event starts within a few hours in the 
heterokaryon state by remodeling chromatin and switching 
on trans-acting regulators at key loci [26, 34, 35]. 

The proof of concept that successful cell fusion 
can lead to stable functional β-cell like cells has been 
established previously [36, 37]. By electrofusion of 
immortal human PANC-1 epithelial cells with human 
pancreatic islets McCluskey et al. established a functional 
human beta cell line (1.1B4) [36]. Yanai et al obtained 
stable functional cells by electrofusion of rodent MSCs 
and islet cells [37]. Both studies show robust functional 
fused cells with beta cell marker expression. Importantly, 
the fused cells lead to a reduction in glucose levels when 
transplanted into STZ–diabetic mice. In concordance with 
such previous work, our study also shows functional fused 
cells of human origin upon chemical fusion. By combining 
the multipotent, anti-apoptotic, immunogenic and tissue 
repair capacity of the MSCs with the beta cell specific 
insulin production, we aimed to establish a stable novel 
beta cell type. Here we describe an optimized virus-free 
cell fusion protocol and produced β-MSC heterokaryons 
by fusion of human MSCs with rat INS-1E cells or with 
dispersed human islet cells to generate differentiated 
β-MSCs.
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RESULTS

Generation of rat-human β-MSC heterokaryon 
cells by PEG-mediated cell fusion

In this study, cell-cell fusion was established with 
the aim to reprogram MSCs to β-cells. MSCs from 
human bone marrow showed CFU-F activity based on 
crystal violet staining (Suppl.  Figure 1A), expressed 
cluster of differentiation CD105, CD90 and CD73, 
lacked expression of CD45, CD34 and MHC-II (Suppl.  
Figure 1A, 1B) and could differentiate into osteoblasts 
and adipocytes (Suppl. Figure 1C). To identify and select 
cells, we infected human MSCs with eGFP-puromycin 
and INS-1E cells with mCherry-zeocin lentiviral gene 
ontology (LeGO) viruses and made stably eGFP+MSCs 
by puromycin and mCherry+INS-1E by zeocin mediated 
antibiotic selection. eGFP+ or mCherry+ cells were 
detected by flow cytometry at 3 weeks after antibiotic 
selection. Microscopic and flow cytometry analyses 
both showed that cells were eGFP labeled MSCs or 
mCherry labeled INS-1E (Figure 1B, Suppl.  Figure  1D). 
EGFP+MSCs stained positive for CD105, CD73 and 
CD90 (Suppl. Figure 1E) and mCherry+INS-1E for insulin 
(Suppl. Figure 1F). Based on the glucose stimulation 
insulin secretion assay, functionality of mCherry-INS1-E 
was similar to non-transfected INS1-E cells (Figure 1I). 
To generate interspecies heterokaryons, we established 
an optimized cell fusion protocol of MSCs isolated from 
human bone marrow and the rat INS-1E beta cell line 
(Figure 1A). We co-cultured (“MIX”) eGFP+ human MSCs 
and mCherry+ rat INS-1E cells in INS-1E (RPMI+FCS) 
or in MSC medium (AlphaMEM+ platelet lysate: PL) and 
selected INS-1E for all further experiments (Suppl. Figure 
1G). After 12 and 36 hours, adherent co-cultured cells 
were induced (”TREAT”) with 100 μg/ml PHA-P for 30 
min and 50% W/V PEG for 40 seconds to promote fusion, 
which resulted in three cell populations; eGFP+MSCs, 
mCherry+INS-1E and double positive heterokaryons 
(Figure 1C).

Another 36 hours later, puromycin was added 
to treated or mixed cells for 4 days (Suppl. Figure 1G) 
in order to select MSCs and β-MSC fused cells. This 
resulted in the two main populations; eGFP+MSC and 
fused eGFP+MSC/mCherry+INS-1E cells. Again, double 
eGFP+/mCherry+ cells were seen in the treated cells, but 
only a few double positive cells were observed in the 
mixed control cells (Figure 1D). This was confirmed by 
double positive FACS analysis for eGFP/mCherry, which 
showed 1.6% spontaneous fusion in MIX control and 
this percentage increased 3-fold in TREAT conditions 
(Figures 1E, 2A). The level of mCherry expression 
was significantly higher in TREAT compared to MIX 
(Figure 1F). When the same experiment was performed 

in suspension culture, cells only had a limited capacity 
to attach to the culture dish and to survive after treatment 
(not shown).

To investigate whether the generated fused cells are 
polyploid heterokaryons and to confirm the efficiency of 
fusion, cells were fixed and labeled with DAPI. In contrast 
to single eGFP+MSCs or mCherry+INS-1E cells, where 
the majority of cells were diploid, 83±5.8% of the treated 
eGFP/mCherry double positive cells were polyploid based 
on FACS analysis (Figure 1G). Polyploidy as well as 
eGFP/mCherry double positivity of cells in culture was 
further confirmed by confocal microscopy (Figure 1H, 
Suppl. Figure 1H). 

Optimization of the PEG-mediated cell fusion for 
rat-human β-MSC heterokaryons

Because of the known important effects of the ratio 
of nuclear and cytoplasmic factors [26], we hypothesized 
that a higher ratio of INS-1E to MSCs may increase the 
number of puromycin selected fused heterokaryons. 
Therefore, we co-cultured MSC/INS-1E cells at an 
increasing ratio (1:2; 1:5 and 1:11) at the control 11.1 
mM glucose concentration for INS-1E cells. This strategy 
resulted in a 2-fold further increased number of fused cells 
at a ratio of 1:11 compared to 1:2, based on eGFP/mCherry 
double positive cells analyzed by FACS analysis (Figure 
2A upper panel, Suppl. Figure 2A), which was confirmed 
by counting the double positive cells under the microscope 
(3-fold increase; Figure 2A lower panel). In the next step, 
we further optimized the fusion protocol at the 1:11 MSC/
INS-1E ratio by applying different concentrations of 
PHA-P, PEG and glucose. 30-min pretreatment of 10 μg/
ml PHA-P had no effect, but 100 μg/ml PHA-P resulted 
in 3-fold increase in eGFP/mCherry double positive 
cells, compared to control without PHA-P, analyzed by 
FACS (Figure 2B upper panel, Suppl. Figure 2B), and 
microscopical analysis (Figure 2B lower panel). Glucose 
is the major fuel for the β-cell and elevated glucose 
concentrations have a dual function, proliferation in the 
short- apoptosis and functional damage (glucotoxicity) in 
the long term. Therefore, we hypothesized that stimulating 
the β-cells with 33.3 mM glucose may increase the number 
of β-MSCs. The number of eGFP/mCherry double positive 
cells was further increased by 8-hour pre-treatment with 
elevated 33.3 mM glucose concentrations compared to 5.5 
mM glucose (Figure 2C, Suppl. Figure 2C). Increasing 
the concentration of PEG to 50% W/V induced a 4-fold 
increase in heterokaryons, compared to 12.5% PEG 
(Figure 2D, Suppl. Figure 2D) and two times 50% W/V 
PEG treatment further increased the number of double 
positive cells significantly (Figure 2D, Suppl. Figure 2D). 

Since starvation is another stress condition, we 
chose mild cell starvation before fusion and reduced the 
FCS concentration from 10% to 3% for 8 hours. This 



Oncotarget48966www.impactjournals.com/oncotarget

Figure 1: Generation of rat-human β-MSC heterokaryons. (A) Schematic illustration of the strategy for generation of 
human stable eGFP+MSCs and rat mCherry+INS-1E cells that carry antibiotic-selectable markers. Cells were mixed (“MIX”) or fusion 
was induced by treatment with 100 µg/ml PHA-P and 50%W/V PEG (“TREAT”). Interspecies heterokaryons and human MSCs were 
selected by puromycin for 4 days. (B) Cultured eGFP+MSCs (left; 200X), mCherry+INS-1E (middle; 200X) and MIX (right: 100X) and 
(C) mCherry+INS-1E, eGFP+MSC and double positive β-MSC (orange arrows) in TREAT condition (400X). (D-H) TREAT cells after 
puromycin selection. (D) MIX (control) and TREAT conditions after 4 days puromycin selection, white arrows show eGFP+mCherry+ 
cells (40X). (E) Analysis and quantification (right) of mCherry+eGFP+ cells in MIX and TREAT conditions by FACS analysis. Gating was 
set up with single mCherry or single eGFP+ cells and conditions kept constant. (F) The relative mCherry mRNA expression normalized 
to INS-1E cells. RT-PCR was normalized to rat Taf1 (G) Polyploidy analysis by FACS of eGFP+MSCs, mCherry+INS-1E (controls) and 
eGFP+mCherry+ heterokaryons. Gating was set for control non-stained cells and kept constant. (H) An eGFP+ polyploid cell (upper panel) 
und an mCherry+eGFP+ polyploid heterokaryon from the eGFP+MSCs- mCherry+INS-1E fusion by CLSM (400X). (I) Insulin secretion of 
mCherry INS1-E in compare to INS-1E cells by glucose stimulation. All analyses were performed in at least three independent experiments 
from three MSC donors and show mean ± SEM. *P< 0.05 Treat compared to Mix. ** Mix compared to mCherry INS-1E alone. +P< 0.05 
eGFP+mCherry+β-MSC compared to eGFP+MSC or to mCherry+INS-1E.
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resulted in no change of eGFP/mCherry heterokaryons at 
3% compared to 10% FCS pre-culture, nor at 3% FCS 
under 33.3 mM glucose. But we constantly confirmed the 
effect of PHA-P as well as 1X and 2XPEG treatment in all 
conditions, which constantly showed a higher percentage 
of eGFP/mCherry double positive cells analyzed by 
FACS analysis (Figure 2E upper panel, Suppl. Figure 
2E) and by counting (Figure 2E lower panel), compared 
to the mix condition. Microscopic and flow cytometry 
analyses both showed more eGFP+ mCherry + cells in 
“optimized” fusion protocol (MSC/INS-1E cells ratio of 
1:11, 100 µg/ml PHA-P, 2X 50% W/V PEG) compared 
to the first “standard” fusion protocol (MSC/INS-1E cells 
ratio of 1:2, 100 µg/ml PHA-P, 50% W/V PEG; Figure 
2F) (Figure 2F,G). FACS analysis indicated 29.8 ± 2.9% 
eGFP/mCherry co-positivity of all MSCs in culture in our 
optimized protocol, which are 5-fold more heterokaryons, 
compared to the first “standard” fusion protocol. 

Our optimized condition resulted in a shift from 
diploid state (2-4n) in mixed control cells to polyploid 
state (≥4n) in treated cells (histogram, Figure 2H, Suppl. 
Figure 2F). In order to investigate all cells, we did not 
select the cells by puromycin. While almost all untreated 
cells were diploid, 72.8 ± 9.7% of MSCs, and 85.6 
± 6.5% of INS-1E cells and 44.1 ± 6.0% of the whole 
cell population (eGFP+MSCs/mCherry+INS-1E/eGFP+-
mCherry+β-MSC) were polyploid after treatment (Figure 
2I). In order to monitor the effect of PHA-P/PEG on cell 
survival, viability was analyzed before selection. The 
number of cells in culture, cell viability measured by 
tryptophan (Suppl. Figure 2G) as well as their protein 
content (Suppl. Figure 2H) did not change in the fused 
compared to the MIX conditions after PHA-P/ PEG 
treatment at the optimized conditions of 100 µg/ml 
PHA-P, 2X 50% W/V PEG. Also, we did not identify any 
increased cleaved caspase 3, as an apoptotic cell death 
marker, in the whole cell population, at 8h after fusion 
(Suppl. Figure 2I). This indicates that PEG did not induce 
cell death under the applied conditions. 

Characterization of insulin+human/rat β-MSC 
heterokaryon cells revealed the expression of 
human as well as rat beta cell markers

To further characterize the β-MSC heterokaryons, 
human eGFP+MSCs were mixed with INS-1E cells and 
treated with the standard or optimized protocol. Puromycin 
selection enabled isolating human MSCs and human/rat 
β-MSC heterokaryons (Figure 3A). 

Although under the optimized 2XPEG fusion 
protocol we did not see improved fusion by elevated 
glucose, the combination of 8-hour pre-culture with 
33.3 mM glucose and 10% FCS before fusion under the 
optimized protocol resulted in higher expression of MAFA 
and insulin in human MSC/islet cells (Suppl. Figure 

3A) compared to 5.5 mM glucose (the basal glucose 
concentration for human beta cells) at 3% or 10% FCS. 
In order to apply the same pre-culture/fusion protocol to 
both MSC/INS-1E and MSC/human islets, we selected 
the glucose pre-culture with the optimized fusion protocol 
(MSC/β-cell ratio 1:11, 100 µg/ml PHA-P, 2X 50% W/V 
PEG) for all subsequent experiments as the best condition.

Our results showed eGFP and insulin co-positive 
heterokaryons (Figure 3B, Suppl. Figure 3B). Staining for 
PDX1 in red and insulin (cytoplasmic localization) and 
DAPI (nuclear localization) in blue showed quadruple-
positive eGFP+DAPI+insulin+PDX1+ cells or triple 
positive eGFP+DAPI+insulin-PDX1+ (Figure 3C), but no 
eGFP+DAPI+insulin+PDX1- cells. All heterokaryons were 
eGFP+glucagon- (Figure 3D).

Next, we compared human and rat beta cell gene 
expression patterns [38] in the fused rat-human β-MSCs 
subjected to 100 µg/ml PHA-P/ 50% W/V PEG (standard 
protocol) or to 33.3 mM glucose pre-treatment/100 µg/
ml PHA-P/ 2X 50% W/V PEG (optimized protocol). Data 
from three MSC donors are shown separately in order to 
see the inter-individual differences (Figure 3E, F, Suppl. 
Figure 3C,D). β-cell gene expression was not detected in 
eGFP-MSCs (not shown).

Higher expression of the human β-cell genes, 
NKX6.1 and insulin, was observed under optimized 
compared to standard protocol conditions in all 3 
experiments (Figure 3E). Higher mRNA levels of human 
PAX4 were detected in two and Neurogenin3 (NGN3) in 
one isolation, while rat Pax4 and Ngn3 was not detected 
in any samples. This suggests the induction of early β-cell 
markers by human MSCs (Suppl. Figure 3C,D). 

Rat Nd1, MafA, Nkx6.1 and Pdx1 as well as Slc2a2, 
Ins1 and Gck mRNA was increased under the optimized 
fusion protocol, suggesting that MSCs increased INS-
1E-originated markers (Figure 3F, Suppl. Figure 3D; in 
two out of three experiments). Taken together, screening 
of β-cell gene expressions under the optimized fusion 
condition showed higher expression of β-cell markers 
compared to the standard protocol. The higher production 
level of insulin was confirmed by the increased insulin 
content (Figure 3G) in treated compared to mixed control.

Characterization of insulin+ human β-MSCs 

To extend this fusion protocol to fully human 
β-MSCs, human eGFP+MSCs were cultured with 
dispersed human islet cells on the 804G matrix [39] with 
the same optimized fusion protocol (pre-treatment with 
33.3 mM glucose and fusion with 100 µg/ml PHA-P/ 2X 
50% W/V PEG). 36 hours later, cells were exposed to 10 
μg/ml puromycin for 7 days which resulted in two main 
populations; MSCs and fused MSC/islet cells (Figure 4A).

Successful fusion was observed by double-
positivity for insulin and eGFP (Figure 4B). Labeling 
of MSC/islet cells for eGFP, PDX1, insulin and DAPI 
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Figure 2: Optimization of the PEG-mediated cell fusion for rat-human β-MSC heterokaryons. (A-E) The percentages of 
MSC/INS-1E cells measured by eGFP+mCherry+ flow cytometry (top) as well as quantitative fluorescent microscopic analysis (bottom) 
in MIX and TREAT conditions after puromycin selection of all cells in culture. (A) The mixture of the 1:2 ratio of MSC/INS-1E cells 
(standard protocol), 1:5 or 1:11 in mixed cells (MIX) and 50%W/V PEG and 100 μg/ml PHA-P treated cells at 11.1 mM glucose as the 
control glucose concentration for INS-1E cells. (B-E) MSC/INS-1E cells at a ratio of 1:11. (B) 50%W/V PEG treated cells were exposed 
to 0, 10 and 100 μg/ml PHA-P. (C) 50%W/V PEG and 100 μg/ml PHA-P treated and untreated mixed cells were pre-incubated for 8 h 
with 5.5, 11.1 or 33.3 mM glucose. (D) 100 μg/ml PHA-P treated were exposed to 12.5, 25 and 50% W/V or twice 50% W/V PEG. (E) 
1X or 2X 50%W/V PEG and 100 μg/ml PHA-P treated cells and mixed cells were pre-incubated with media including 10% FCS, 3% FCS 
or 3% FCS/ 33.3 mM glucose. (F, G) Comparison of the number of eGFP+mCherry+ MSCs to all MSCs between standard and optimized 
protocol (1:11 MSC/INS-1E; 2X50%W/V PEG and 100 μg/ml PHA-P) by flow cytometry analysis of mCherry and eGFP (F) and by 
fluorescence microscopy (G; 40X; right). Arrow bar shows an eGFP+mCherry+ MSC in higher magnification (400X). The difference in 
A-E and F is in the normalization strategy; while results in A-E are normalized to all cells in culture, in F they were normalized to all 
MSCs. (H, I) Polyploidy analysis by FACS before puromycin selection of mixed and treated cells (H) and quantification of polyploid cells 
within eGFP+MSCs or mCherry+INS-1E cells alone and the whole population (eGFP+MSCs/mCherry+INS-1E/eGFP+mCherry+β-MSC) (I). 
Average counted cells were 5000 events per condition. Analyses were performed in at least three independent experiments and show mean 
± SEM. *P< 0.05 Treat compared to Mix at the same conditions; **P< 0.05 at the ratio of 1:11 compared to 1:5 (A), 100 compared to 10 
μg/ml PHA-P (B), 33.3 compared to 5.5 mM glucose (C), 2X compared to 1X 50% W/V PEG (D), PHA-P/PEG compared to PEG alone, 
***P<0.05 2x compared to 1x 50% W/V PEG at the same conditions, -P< 0.05 optimized compared to standard protocol; 
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Figure 3: Characterization of insulin+human/rat β-MSC heterokaryon cells. (A) Schematic illustration of the strategy for 
generation of fused human eGFP+MSCs/rat mCherry+INS-1E cells and their subsequent analysis. (B-G) eGFP+MSCs and mCherry+INS-
1E cells were treated with PHA-P and PEG, 4 days after puromycin selection. (B) Triple labeling for insulin, eGFP and DAPI revealed 
polyploid insulin+eGFP+β-MSCs by fluorescence microscopy (left) or CLSM (right). (C) Triple staining for PDX1, DAPI and insulin shows 
PDX1+eGFP+insulin- polyploid (left) as well as PDX1+eGFP+insulin+ polyploid cells (right; all 400X). (D) All cells were glucagon-, (200X). 
(E, F) RT-PCR analysis of human (E) and rat (F) specific mRNA sequences of β-cell markers shown from three independent experiments 
relative to mixed MSC/INS-1E cells and normalized to human (E) or rat Cyclophilin A (F). (G) Insulin content from mixed and treated 
cells under the optimized condition normalized to protein concentration and shown as percentage of mixed cells. All analyses are from at 
least three independent experiments from three different MSC donors shown in separate graphs (E, F) or as means ± SEM (G). ND = not 
detected. *P< 0.05 TREAT compared to MIX.
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showed quadruple-positive eGFP+DAPI+insulin+PDX1+ 
cells or triple positive eGFP+DAPI+insulin-PDX1+, 
but no eGFP+DAPI+insulin+PDX1- cells (Figure 4C). 
These quadruple or triple positive cells appeared as 
synkaryons, which consisted of one single nucleus. We 
rarely observed insulin+eGFP+ polyploid cells (Figure 
4D), which was in contrast to human/rat fused cells, 
where almost all insulin+eGFP+ were polyploid. Some of 
them formed dense islet like clusters (Figure 4E,F); such 
structures were observed in all human islet preparations 
from different donors. Insulin/eGFP double positive cells 
within the cluster were confirmed by confocal microscopy 
(Figure 4F). We also observed CD105+insulin+ cells in 
treated MSC/islet cell sections (Suppl. Figure 4C), while 
CD105 was rarely seen in control human islets and did not 
colocalize with insulin (Suppl. Figure 4A,B), which is in 
confirmation with previous reports [40, 41]. These densely 
formed islet like clusters made an accurate counting and 
even FACS analysis of the fused cells to exactly quantify 
fusion efficiency difficult.

We compared expression of human β-cell markers 
[38] under optimized and standard protocol conditions and 
observed higher induction of ND1, NKX2.2, MAFA and 
INS under the optimized fusion protocol in each of the 3 
independent experiments (Suppl. Figure 4D). When human 
β-cell gene expression patterns in the treated conditions 
were compared with mixed controls, higher expression 
of the β-cell specific genes NEUROD1, NKX2.2, MAFA, 
PDX1 and insulin (Figure 4G) was observed in all three 
independent experiments from different MSCs and islet 
donors. In order to compare β-cell specific gene expression 
to mature islets, mRNA of the 3 batches of mixed MSC/
islet cells was also normalized to the respective mature 
control islet expression. Again, data from three MSC and 
three islet donors are shown separately and are fluctuating 
in their gene expression. Because of the inter-individual 
changes in the absolute gene expression as well as the 
stimulated conditions among the donors, data do not allow 
any further interpretation. Fused cells under the optimized 
conditions have a comparable amount of PDX1 as well 
as insulin mRNA to mature islets, while NEUROD1 and 
MAFA were increased in two out of three experiments 
(Figure 4H). To identify changes in alpha cell specific 
gene expression of fused cells, we analyzed glucagon 
levels, which were similar in both treated and mixed 
control conditions (Figure 4I). Functionality of fused cells 
was proven by glucose stimulated insulin secretion, which 
was 1.6-fold increased in the treated compared to the 
mix control population, also insulin content was 2.2-fold 
increased (Figure 4J). Functionality of treated fused cells 
was also compared to mature dispersed human islet cells, 
which was 1.9-fold increased in islets compared to mixed 
control. MSCs alone did not secrete insulin; neither under 
basal low glucose nor under stimulated conditions. Insulin 
content showed the same level as fused cells (Figure 4J).

DISCUSSION

Recent investigations have revealed that MSCs have 
the potential to generate insulin-producing cells [19, 37, 
42, 43]. Here, we developed a fusion protocol of human 
MSCs with rat INS-1E cells and human islet cells. One of 
the first cell fusion was reported by Sorieul and Ephrussi 
in 1961 in two constantly co–cultured mouse cell lines; 
after three months, 10% of the cells formed hybrids 
due to spontaneous fusion [44]. We also observed 1.6% 
spontaneous fusion of human MSCs and rat INS-1E cells 
already after 1 week of culture, which prompted us to 
foster such fusion by optimized protocols. Our approach 
resulted in β-MSC fused cells, which carried β-cell 
markers. Newly generated insulin-producing polyploid 
cells expressed nuclear PDX1 and cytoplasmic insulin. 
Better MSC-rat beta cell fusion efficiency was achieved by 
an optimized protocol of an increased number of β-cells in 
the mixture at a ratio of 1:11 MSC/INS-1E cells at PHA-P 
concentration of 100 ug/ml and a 2nd addition of 50% 
W/V PEG to the cell mixture. This protocol resulted in 
5-fold more heterokaryons as compared to the 1st standard 
protocol. 

Literature data show that the rate of fusion 
increases following tissue damage in order to restore 
the function of impaired tissue. For instance, the fusion 
of cardiomyocytes with mesenchymal stromal cells 
increases in low pH compared to high pH, suggesting 
the induction of mesenchymal-cardiomyocytes fusion 
event during ischemia in vivo [45]. Under conditions of 
elevated glucose, we also improved fusion efficiency. In 
addition, we observed higher levels of specific beta cell 
transcription factor expression in 33.3 mM compared to 
basal glucose levels in fused INS-1E as well as in fused 
human islet cells.

The improved MSC-rat beta cell fusion highly 
correlated with increased polyploidy, human β-cell 
marker expression as well as higher insulin content. In 
all experiments of fused MSC/rat INS-1E cells or MSC/
human islet cells, increased fusion efficiency increased 
PDX1 and insulin expression.

PDX1 is expressed as the first determination factor 
towards endocrine lineages. PDX1-expressing cells 
can differentiate into all pancreatic cell types; exocrine, 
endocrine and pancreatic ducts and thus serve as 
multipotent pancreatic progenitor cells [46]. Importantly, 
PDX1 positive cells have the capacity to proliferate [47]. 
The 2nd important factor, which stimulates development 
into all islet cells, is NGN3 [48]. NGN3 drives expression 
of additional transcription factors such as PAX4, 
NEUROD1, NKX6.1, NKX2.2 and MAFA leading to the 
specific β-cell fate [49-51]. Adult β-cells express all of 
these factors except NGN3 and PAX4 [38].

NGN3 is only temporarily activated and often 
expressed at low levels. This could be one reason why 
we have only detected NGN3 expression in one single 
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Figure 4: Fusion of human MSCs with human islet cells results in insulin+β-MSCs. (A) Schematic illustration of the strategy 
for generation of fused human eGFP+MSCs/human dispersed islet cells. Mixed cells are treated with PHA-P and PEG (optimized protocol) 
and MSCs and β-MSCs selected by puromycin and analyzed subsequently. (B) Triple positivity for insulin, eGFP and DAPI in a β-MSC 
(400X). (C) PDX1, insulin and DAPI co-staining shows a PDX1+eGFP+insulin- cell and a PDX1+eGFP+insulin+ cell (white arrows) (200X). 
(D) A human eGFP+insulin+β-MS heterokaryon (400X) (E,F) Insulin, eGFP, and DAPI triple positive cells in an islet like cluster (100X) 
by (E) fluorescence microscopy and (F) CLSM (G-I) The relative mRNA expression of human β-cell (G, H) and alpha-cell (I) markers 
normalized to (G, I) mixed (dotted line) MSC/dispersed islet cells or (H) mature islet cells (dotted line) from the same batch. RNA 
expression was normalized to human Cyclophilin A (PPIA). (J) The stimulatory index denotes the amount of insulin secreted during 
1h stimulation at 16.7 mM glucose divided by that of 1h at 2.8 mM glucose. Insulin content is from the same islet preparations; human 
dispersed islets, mixed and treated cells under the optimized condition normalized to protein concentrations. MSCs alone were added as –
control. Data are shown as percentage of mixed cells. All analyses are from at least three independent experiments from three different islet 
and MSC donors shown in separate graphs (G, H) or as means ± SEM (I,J). *P< 0.05 TREAT compared to MIX..
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experiment, where its expression was driven by MSCs, as 
specifically human and not rat Ngn3 was detected in the 
optimized protocol. In the same experiment, also elevated 
PAX4 expression was observed.

Fusion of rat/human islet cells with hMSCs using 
the optimized protocol induced human β-cell transcription 
factor expression NKX6.1 and MAFA, which originated 
from the human MSCs. Additionally, β-cell transcription 
factors from rat β-cells (Neurod1, Nkx2.2, MafA, Pdx1) 
and genes related to β-cell function (insulin, Glut2 and 
Glucokinase) were detected [51, 52]. 

The optimized protocol showed elevated levels of 
NEUROD1, NKX2.2, MAFA and insulin together with 
increased cellular insulin content also in fused human 
MSC with dispersed islet cells. The overall β-cell marker 
expression reached levels of mature islets confirming a 
human β-cell like phenotype of the fused MSC/islet cells.

In addition, β-cell transcription factor PDX1 was 
higher in fused MSC/ dispersed islet cells than in mature 
islet cells. PDX1 plays a role in transition waves of 
developmental process as well as in mature β-cells as the 
promoter for glucose induced insulin transcription [51, 
52]. The combination of markers for developmental factors 
together with those of mature beta cells suggest a mixed 
population of immature and mature beta-like cells. This 
hypothesis was strengthened by immunostaining of PDX1 
and insulin, which also showed two cell populations: 
insulin-PDX1+ cells and insulin+PDX1+ cells, considered 
as immature and mature beta-like cells, respectively. 

The difficulty in our study was the high variation of 
β-cell marker expression levels in the individual mixed/
fused samples from different MSC and islet cells, which 
did not allow us to obtain a robust transcription marker 
analysis and conclusions on the cell differentiation 
state [53]. While human MSC/rat INS-1E cells 
showed polyploid heterokaryons, fused human MSC/
dispersed islet cells showed no obvious polyploidy by 
immunostaining, these were rather synkaryons, suggesting 
the possibility of already fused nuclei and development of 
islet like cluster cells as hybrids. Such hypothesis needs 
further proof in long-term culture experiments. Their 
survival and potential glucose lowering effect in a diabetic 
environment, as suggested from a previous fusion study 
of rodent MSCs and islet cells [37] needs to be tested in 
further studies.

The high number of rat-human polyploid cells as 
stable interspecies heterokaryons provides a model for 
further investigation of epigenetic and genetic variation 
during cell differentiation to a β-cell phenotype. Our RT-
PCRs showed induction of human beta cell markers in 
fused cells, which originated from both rat and human 
genes. This indicates reprogramming in fused cells, as 
shown before [37]. Here we did not check any changes 
in HLA types of the islet or MSC donors after fusion, but 
a transfer of the autologous HLA type from the MSC to 
the donor islets might be possible through fusion, such as 

observed before after cell fusion [54] and such as observed 
here with the human MSC genes to rat beta cells. Such 
ideas need further proof in the future.

In conclusion, we established a rapid and virus-free 
optimized fusion protocol of adherent MSCs and beta cells 
and show functional fused β-MSCs that express beta cell 
markers. 

MATERIAL AND METHODS

Cell Culture 

Human bone marrow cells from three healthy female 
donors were isolated at the University Hospital Hamburg-
Eppendorf (UKE) and human mesenchymal stromal cells 
were isolated and purified as described previously [55]. 
Approval was granted by the UKE ethical committee. 
Concisely, bone marrow cells were cultured in AlphaMEM 
medium (Lonza, Basel, Switzerland) supplemented with 
5% Platelet lysate [55], 10 I.U./mL heparin (Ratiopharm 
GmbH, Ulm, Germany) and 1% glutamax (Lonza, Basel, 
Switzerland). Medium was changed after two days and 
adherent cells were washed twice with phosphate-buffered 
saline (PBS) to omit other bone marrow cells. Then, 
growth medium was changed twice weekly. To identify 
colony forming unit fibroblasts (CFU-F), cells were plated 
in low density, fixed with methanol for 3 min and stained 
with 1% crystal violet for 5 min after 14 days. Confluent 
cells (passage 0) were seeded in new plastic adherent 
flasks till passage 3 and split to 1:3 [56]. Then, MSCs were 
stained for antigen surface marker expressions by flow 
cytometry or immunostaining. To confirm their capacity of 
a differentiation potential into mesodermal lineages, MSCs 
were induced to differentiate to adipocytes and osteoblasts 
as described [55]. Cell viability was assessed by Trypan 
blue (Invitrogen, Carlsbad, CA, USA) exclusion staining 
according to the manufacturer’s protocol.

Human islets and the rat insulinoma cell line 
(INS-1E) [57] were cultured in their respective medium 
(CMRL (Invitrogen), RPMI1640 (GE Life Sciences/
PAA Laboratories, Inc Little Chalfont, United Kingdom)) 
supplemented with 10% FCS, 1% L-glutamine and 
100 U/ml penicillin/100mg/ml streptomycin (all GE Life 
Sciences/PAA Laboratories, Inc). INS-1E medium was 
supplemented with 50 µM β-mercaptoethanol (Merck) 
and 1 mM sodium pyruvate (GIBCO, Carlsbad, CA, USA) 
and 10 mM HEPES (Sigma-Aldrich). Human islets were 
isolated from 11 pancreases of non-diabetic organ donors 
at the University of Lille and Prodo Laboratories (Irvine, 
CA, USA) as described before [58] and cultured in 
suspension dishes for 48h. Informed consent was obtained 
from all subjects or their relatives. Islet purity was greater 
than 95% as judged by dithizone staining (if this degree of 
purity was not achieved by routine isolation, islets were 



Oncotarget48973www.impactjournals.com/oncotarget

handpicked). To disperse islets into single cells, accutase 
(Invitrogen) was added at 37°C for 15min and the cell 
suspension was mixed. 

Amplification of mCherry/eGFP LeGO virus, 
virus infection and stable cells

EGFP-puromycin and mCherry-zeocin plasmids 
were used as described previously (http://www.LentiGO-
Vectors.de, [59]). To produce the lentiviruses, HEK 293T 
cells were co-transfected with cell marker drug-resistance 
vectors (eGFP-puromycin / mCherry-zeocin), Gag/ Pol 
(viral capsid), Rev (reverse transcriptase) and envelope 
plasmid via lipofectamine 2000 (Invitrogen) according 
to the manufacturer’s instruction. After 12h incubation, 
medium was replaced with fresh medium, and supernatant 
was harvested 12h later. Virus was concentrated by 
centrifugation for two rounds at 50,000 xg for 2h. MSC 
or INS-1E cells were infected with eGFP-puromycin 
(green fluorescence) or mCherry-zeocin (red fluorescence) 
respectively.

MSC and INS-1E adherent cells were infected with 
multiplicity of infection (MOI) of 10/20 eGFP-puromycin 
/mCherry-zeocin lentiviruses respectively in the presence 
of 8 μg/ml Polybrene (Sigma-Aldrich). Plates were 
centrifuged at 1000 xg for 1h and cultured. After 24h, 
media was changed and 72h later, MSCs were treated with 
0.5 to 2.5 μg/ml puromycin (Sigma-Aldrich) and INS-
1E with 20 to 100 μg/ml zeocin (Invitrogen) antibiotics 
gradually to obtain eGFP+ or mCherry+ stable cells. 

Cell fusion

The cell fusion protocol was adapted from a 
previous standard protocol [60]. Phytohemagglutinin 
(PHA-P, Sigma-Aldrich) diluted in serum free RPMI1640 
at 10 and 100 µg/ml, was added for 30 min and 37°C 
prewarmed-PEG (Sigma-Aldrich) was added dropwise in 
the dark at concentrations of 12.5, 25 and 50%W/V for 
40s. PEG was diluted gradually by adding drop-by-drop 
serum free RPMI1640 medium to diminish the effect of 
osmotic pressure variations on cells. In some experiments, 
PEG was added a second time after 30 min (2XPEG).

Stable eGFP+MSCs were mixed with dispersed 
human islets and treated for 30 min with prewarmed-PEG 
at 37°C (Sigma-Aldrich), which was added dropwise in 
the dark at concentrations of 50%W/V for 50s. To select 
β-MSC heterokaryons and MSCs, non-fused INS-1E 
cells/human dispersed islets were eliminated at 36h after 
PHA-P/PEG treatment by adding 2.5 or 10 μM puromycin 
to the media for 4 or 7days respectively.

Immunofluorescence 

To evaluate the surface antigen expression, MSCs, 
eGFP+ MSCs or islets were Bouin-fixed, pelleted in 1% 
agarose and paraffin-embedded as described before [61]. 
After deparaffinization and high pH antigen retrieval 
solution (vector labs, CA, USA), MSC and eGFP+ MSC 
sections were stained with rabbit anti-CD105 or anti-
CD90, mouse anti-CD73, rabbit anti-IgG or mouse anti-
IgG1 (all Abcam, Cambridge, UK) followed by secondary 
Cy3 donkey anti-rabbit, Cy3 donkey anti-mouse or 
FITC donkey anti-mouse (all Jackson, ImmunoResearch 
Laboratories, West Grove, PA). Additionally, eGFP+ MSC 
sections were stained with rabbit anti-GFP and rabbit anti-
IgG (all Abcam) followed by secondary FITC donkey anti-
rabbit (Jackson). Islet sections were stained with guinea 
pig anti-insulin (DAKO, Hamburg, Germany) and rabbit 
anti-CD105 (Abcam) as well as Cy3 or FITC donkey 
anti-guinea pig and Cy3 or FITC donkey anti-rabbit (all 
Jackson).

For characterization of mCherry+ INS-1Es and 
puromycin selected β-MSCs, cells were fixed with 4% 
paraformaldehyde in PBS for 30 min and permeabilized 
by 0.5% Triton X100 for 4 min at room temperature. 
Immunostaining with guinea pig anti-insulin (DAKO), 
rabbit anti-PDX1 (Abcam) or rabbit anti-glucagon 
antibody (DAKO) and Cy3 , FITC or AMCA donkey anti-
guinea pig as well as Cy3 donkey anti-rabbit (all Jackson) 
was performed as described previously [61]. Nuclei were 
visualized with 6-diamino-2-phenylindole (DAPI) (Vector 
labs). Fluorescently stained cells were analyzed with a 
Nikon MEA53200 microscope (Nikon GmbH, Düsseldorf, 
Germany) /Zeiss confocal laser scanning microscope 
(CLSM) 780 with ELYRA PS.1 (Zeiss, Oberkochen, 
Germany), and images were recorded using NIS-Elements 
software (Nikon)/ ZEN2011black edition (Zeiss). 

Glucose stimulated insulin secretion (GSIS) and 
Insulin content

An equal number of islet cells, mixed or treated 
islet-MSC cells, INS1-E and mCherry INS1-E cells were 
used to perform glucose-stimulated insulin secretion 
as described before [61]. Cells were pre-incubated in 
Krebs-Ringer bicarbonate buffer (KRB) including 2.8 
mM glucose for 30 min which was replaced by 2.8 mM 
glucose KRB for 1 h (basal), followed by an additional 1 
h incubation in 16.7 mM glucose KRB (stimulated insulin 
secretion). Cells were lysed in lysis buffer (20 mM Tris 
acetate, 0.27 M sucrose, 1 mM EDTA, 1 mM EGTA, 50 
mM NaF, 1% Triton X-100, 5 mM sodium pyrophosphate, 
10 mM β-glycerophosphate plus protease and phosphatase 
inhibitors; Pierce) and secreted insulin and insulin content 
from lysed measured by mouse (for rat INS-1E cells; 
cross reactivity is 100%) or human insulin ELISA kit (for 



Oncotarget48974www.impactjournals.com/oncotarget

human islets; ALPCO Diagnostics, Salem, NH, USA). 
Insulin content was normalized to total protein measured 
by BCA protein assay kit (Pierce, Rockford, IL, USA) as 
described before [62].

Quantitative RT-PCR analysis

After puromycin selection, total RNA was extracted 
with TRIzol (Invitrogen) according to the manufacturer’s 
protocol and RT-PCR performed as described previously 
[63]. Rat and human-specific primers were designed 
using vector NTI advanced ™ 11 Software (Invitrogen) 
and RT-PCR performed with SYBR Green 2X PCR 
Master Mix (Applied Biosystems, Darmstadt, Germany). 
Primers used were 5/ AAACGGTTCCTTAGGGCAAT3// 
5/CAGTCTCACTGCCCCAACTT3/ (rat Taf1) 
and 5/CCTGTCCCCTCAGTTCATGT3// 5/

CCCATGGTCTTCTTCTGCAT3/ (mCherry). TaqMan® 
Real-time RT-PCR was performed using the 2X TaqMan 
Universal PCR Master Mix with an ABI StepOne Plus 
Cycler (Applied Biosystems). Reactions were performed 
in technical duplicates in a volume of 10 µl with specific 
primers and probes. TaqMan® primers used were of 
PPIA (Hs99999904_m1), INS (Hs02741908_m1), PDX1 
(Hs00426216_m1), NEUROG3 (Hs01875204_s1), 
NKX6.1 (Hs00232355_m1), NKX2.2 (Hs00159616_m1), 
NEUROD1 (Hs01922995_s1), MAFA (Hs01651425_s1), 
PAX4 (Hs00173014_m1), Ppia (Rn00690933_m1) , Ins1 
(Rn02121433_g1), Pdx1 (Rn00755591_m1), Slc2a2 
(Rn00563565_m1), Gck (Rn00688285_m1), Neurog3 
(Rn00572583_s1), Nkx6.1 (Rn1450076_m1), Nkx2.2 
(Rn04244749_m1), Neurod1 (Rn00824571_s1), MafA 
(Rn00845206_s1), Pax4 (Rn00582529_m1) for human/ 
rat r(Applied Biosystems). Results were calculated with 
the ΔΔCT method. All gene expression data sets were 
normalized to the corresponding puromycin selected 
non-treated mixed cells or treated dispersed islets and 
normalized to housekeeping genes human PPIA or 
rat Ppia/Taf1. Samples were analyzed in duplicate for 
each transcript. In MSC/INS-1E experiments, it was 
not possible to measure the target gene in each control 
mix condition; therefore, we normalized to one single 
randomly chosen sample. Control experiments were 
performed with human islet and rat INS-1E cells to 
confirm rat or human primer specificity.

Fluorescence-activated cell analysis (FACS)

MSCs were trypsinized, washed with PBS and 
105 cells in each condition were incubated with FITC 
conjugated anti-CD105, FITC conjugated anti-CD90 
and PE conjugated anti-CD73 (positive markers) as well 
as FITC conjugated anti-MHCII, FITC conjugated anti-
CD45, PE conjugated anti-CD34 (negative markers). FITC 
conjugated anti-IgG1, FITC conjugated anti-IgG2a and 

PE conjugated anti-IgG1 were used as negative isotype 
control (all Becton Dickinson Biosciences, Franklin 
Lakes, New Jersey, USA). 72h after LeGO Virus infection, 
the number of eGFP positive MSCs was quantified using a 
488nm laser and 530/30 bandpass filter by FACS analysis.

For each analysis, we selected a minimum of 5000 
cells for counting per condition. To quantify the number 
of rat/human β-MSC interspecies heterokaryons, live 
cells in different conditions plus non-infected control 
MSCs, INS-1E and human islet cells were trypsinized and 
evaluated by eGFP/mCherry double color on LSRFortessa 
(Becton Dickinson Biosciences) using 488nm laser and 
530/30 bandpass filter (eGFP) and 561nm laser and 610/20 
bandpass filter (mCherry) respectively.

For polyploidy FACS, cells were fixed by adding 
cold 70% ethanol (106 cells/ml) dropwise and kept at 
4°C overnight. Cells were washed two times with PBS 
and incubated with 2 μg/ml DAPI plus 5 μg/ml RNase in 
PBS solution for 30min at 37°C in the dark. Cells were 
measured with an UV laser (450/50 bandpass filter). The 
numbers of cells in different samples were counted by 
LSRFortessa (Becton Dickinson Biosciences). Data were 
analyzed by BD FACSDiva™ software 6.0 or Cyflogic 
1.21. 

Western blot analysis 

Cells were washed with PBS, lysed in lysis buffer 
(see above) and protein concentration determined with 
the BCA protein assay (Pierce). In all conditions, the 
same amount of protein was run on a NuPAGE 4-12% 
Bis-Tris gel (Invitrogen) and electrically transferred 
onto PVDF membranes. After 1h blocking at RT, PVDF 
membranes were incubated with rabbit anti-Cleaved 
Caspase 3, rabbit anti-tubulin or rabbit anti-GAPDH (all 
Cell Signaling Technology) overnight at 4°C, followed by 
horseradish-peroxidase-linked anti-rabbit IgG (Jackson). 
PVDF Membranes was developed by chemiluminescence 
assay system (Pierce) and analyzed by DocIT®LS image 
acquisition 6.6a (UVP BioImaging Systems, Upland, CA, 
USA). For +control, INS-1E cells exposed to 12h palmitic 
acid were used as described before [61].

Statistical analysis:

Data evaluation was done in a blinded manner by 
a single investigator (ZA) and statistical analyses were 
performed from at least three independent experiments 
from three individual human MSC batches and three 
different human islet organ donors. Values are presented 
as means ± SEM. Data were analyzed by two-sample one-
tailed student’s t-tests with equal variance. Significance 
was set at p<0.05.



Oncotarget48975www.impactjournals.com/oncotarget

ACKNOWLEDGMENTS

This work was supported by the European Research 
Council (ERC), The German Center for Diabetes Research 
(DZD), the German Research Foundation (DFG) and by 
SymbioCellTech, LLC. AZ’s salary was in part covered 
by funds from SymbioCellTech, LLC, USA. We thank 
A. Badbaran (University Hospital Hamburg-Eppendorf) 
and K. Hennekens for technical assistance, D. Modupe 
Dawodu (both University of Bremen) for help with the 
microscopical analyses, J.D. Ahlstrom (University of 
Utah and George E Wahlen VA Medical Center) for 
critical discussion, B. Fuchs and A. Ellrott (Max Planck 
Institute for Marine Microbiology) for support with the 
laser scanning microscopy and analysis, K. Riecken 
(University Hospital Hamburg-Eppendorf) for providing 
the lentiviruses, C. Wolheim for the INS-1E cells, P.A. 
Halban (both University of Geneva) for the 804G matrix 
cells, D. Paulmann for help with the FACS analyses, A. 
Dotzauer (both University of Bremen) for support in 
the virology laboratory. We thank Julie Kerr-Conte and 
Francois Pattou (European Genomic Institute for Diabetes, 
Lille, France) for the isolation of human islets of very 
high viability and purity. Human islets were provided 
through the JDRF award 31-2008-416 (ECIT Islet for 
Basic Research program) and from the Integrated Islet 
Distribution Program (IIDP): Human Islets for Research 
funded through a contract from the National Institute of 
Diabetes and Kidney and Digestive Diseases (NIDDK) 
and the JDRF.

CONFLICTS OF INTERESTS

The authors declare no competing financial interests. 
C.W. and A.R.Z. are the founders of InsuGen now named 
SymbioCellTech.

Author contributions

Z.A. designed and performed experiments, analyzed 
the data and wrote the paper. C.W. conceived and patented 
the idea of fusion of MSCs with islet cells and coined 
the term “β-MSC”. A.R.Z., C.L., F.P., A.A., provided 
experimental and technical support. Y.W. did the CD105 
staining in human islets, A.M. helped with the analyses 
of PCR data. K.M. supervised the project and wrote the 
paper.

REFRENCES

1. Shapiro AM, Lakey JR, Ryan EA et al. Islet transplantation 
in seven patients with type 1 diabetes mellitus using a 
glucocorticoid-free immunosuppressive regimen. The New 
England journal of medicine 2000; 343: 230-8.

2. Joshi N, Caputo GM, Weitekamp MR, Karchmer AW. 

Primary care: Infections in patients with diabetes mellitus. 
New Engl J Med 1999; 341: 1906-12.

3. Wu H, Wen D, Mahato RI. Third-party mesenchymal stem 
cells improved human islet transplantation in a humanized 
diabetic mouse model. Mol Ther 2013; 21: 1778-86.

4. Borg DJ, Weigelt M, Wilhelm C et al. Mesenchymal 
stromal cells improve transplanted islet survival and islet 
function in a syngeneic mouse model. Diabetologia 2014; 
57: 522-31.

5. Togel F, Hu ZM, Weiss K et al. Administered mesenchymal 
stem cells protect against ischemic acute renal failure 
through differentiation-independent mechanisms. Am J 
Physiol-Renal 2005; 289: F31-F42.

6. Charbord P, Livne E, Gross G et al. Human bone marrow 
mesenchymal stem cells: a systematic reappraisal via the 
genostem experience. Stem cell reviews 2011; 7: 32-42.

7. Ma S, Xie N, Li W et al. Immunobiology of mesenchymal 
stem cells. Cell death and differentiation 2014; 21: 216-25.

8. Bianco P, Cao X, Frenette PS et al. The meaning, the sense 
and the significance: translating the science of mesenchymal 
stem cells into medicine. Nat Med 2013; 19: 35-42.

9. Zander AR, Lange C, Westenfelder C. Mesenchymal 
stromal cells: main factor or helper in regenerative 
medicine? Kidney Int Suppl 2011; 1: 74-6.

10. Zorina TD, Subbotin VM, Bertera S et al. Recovery of 
the endogenous beta cell function in the NOD model of 
autoimmune diabetes. Stem Cells 2003; 21: 377-88.

11. Lee RH, Seo MJ, Reger RL et al. Multipotent stromal 
cells from human marrow home to and promote repair of 
pancreatic islets and renal glomeruli in diabetic NOD/scid 
mice. Proc Natl Acad Sci U S A 2006; 103: 17438-43.

12. Limbert C, Seufert J. In vitro (re)programming of human 
bone marrow stromal cells toward insulin-producing 
phenotypes. Pediatr Diabetes 2009; 10: 413-9.

13. Dominici M, Le Blanc K, Mueller I et al. Minimal criteria 
for defining multipotent mesenchymal stromal cells. 
The International Society for Cellular Therapy position 
statement. Cytotherapy 2006; 8: 315-7.

14. Bernardo ME, Fibbe WE. Mesenchymal stromal cells: 
sensors and switchers of inflammation. Cell stem cell 2013; 
13: 392-402.

15. Nauta AJ, Fibbe WE. Immunomodulatory properties of 
mesenchymal stromal cells. Blood 2007; 110: 3499-506.

16. Francois M, Romieu-Mourez R, Li M, Galipeau J. Human 
MSC suppression correlates with cytokine induction 
of indoleamine 2,3-dioxygenase and bystander M2 
macrophage differentiation. Molecular therapy : the journal 
of the American Society of Gene Therapy 2012; 20: 187-95.

17. Prockop DJ. Concise review: two negative feedback loops 
place mesenchymal stem/stromal cells at the center of early 
regulators of inflammation. Stem Cells 2013; 31: 2042-6.

18. Berman DM, Willman MA, Han D et al. Mesenchymal stem 
cells enhance allogeneic islet engraftment in nonhuman 
primates. Diabetes 2010; 59: 2558-68.



Oncotarget48976www.impactjournals.com/oncotarget

19. Ianus A, Holz GG, Theise ND, Hussain MA. In vivo 
derivation of glucose-competent pancreatic endocrine cells 
from bone marrow without evidence of cell fusion. Journal 
of Clinical Investigation 2003; 111: 843-50.

20. Figliuzzi M, Cornolti R, Perico N et al. Bone marrow-
derived mesenchymal stem cells improve islet graft function 
in diabetic rats. Transplant Proc 2009; 41: 1797-800.

21. Ito T, Itakura S, Todorov I et al. Mesenchymal stem cell and 
islet co-transplantation promotes graft revascularization and 
function. Transplantation 2010; 89: 1438-45.

22. Sordi V, Melzi R, Mercalli A et al. Mesenchymal cells 
appearing in pancreatic tissue culture are bone marrow-
derived stem cells with the capacity to improve transplanted 
islet function. Stem Cells 2010; 28: 140-51.

23. Sordi V, Piemonti L. Mesenchymal stem cells as feeder 
cells for pancreatic islet transplants. Rev Diabet Stud 2010; 
7: 132-43.

24. Urban VS, Kiss J, Kovacs J et al. Mesenchymal stem cells 
cooperate with bone marrow cells in therapy of diabetes. 
Stem Cells 2008; 26: 244-53.

25. Si Y, Zhao Y, Hao H et al. Infusion of mesenchymal 
stem cells ameliorates hyperglycemia in type 2 diabetic 
rats: identification of a novel role in improving insulin 
sensitivity. Diabetes 2012; 61: 1616-25.

26. Palermo A, Doyonnas R, Bhutani N et al. Nuclear 
reprogramming in heterokaryons is rapid, extensive, and 
bidirectional. FASEB journal : official publication of the 
Federation of American Societies for Experimental Biology 
2009; 23: 1431-40.

27. Hindi SM, Tajrishi MM, Kumar A. Signaling mechanisms 
in mammalian myoblast fusion. Science signaling 2013; 6: 
re2.

28. Vignery A. Macrophage fusion: the making of osteoclasts 
and giant cells. The Journal of experimental medicine 2005; 
202: 337-40.

29. Prockop DJ, Gregory CA, Spees JL. One strategy for cell 
and gene therapy: harnessing the power of adult stem cells 
to repair tissues. Proc Natl Acad Sci U S A 2003; 100 Suppl 
1: 11917-23.

30. Harris H, Watkins JF. Hybrid Cells Derived from Mouse 
and Man: Artificial Heterokaryons of Mammalian Cells 
from Different Species. Nature 1965; 205: 640-6.

31. Pontecorvo G. Production of mammalian somatic cell 
hybrids by means of polyethylene glycol treatment. Somatic 
cell genetics 1975; 1: 397-400.

32. Teissie J, Knutson VP, Tsong TY, Lane MD. Electric pulse-
induced fusion of 3T3 cells in monolayer culture. Science 
1982; 216: 537-8.

33. Ogle BM, Cascalho M, Platt JL. Biological implications of 
cell fusion. Nature reviews Molecular cell biology 2005; 6: 
567-75.

34. Tsubouchi T, Soza-Ried J, Brown K et al. DNA synthesis is 
required for reprogramming mediated by stem cell fusion. 
Cell 2013; 152: 873-83.

35. Cell fusion in health and disease : I : cell fusion in health. 
1st ed. New York: Springer 2011.

36. McCluskey JT, Hamid M, Guo-Parke H et al. Development 
and functional characterization of insulin-releasing human 
pancreatic beta cell lines produced by electrofusion. J Biol 
Chem 2011; 286: 21982-92.

37. Yanai G, Hayashi T, Zhi Q et al. Electrofusion of 
mesenchymal stem cells and islet cells for diabetes therapy: 
a rat model. PLoS One 2013; 8: e64499.

38. Conrad E, Stein R, Hunter CS. Revealing transcription 
factors during human pancreatic beta cell development. 
Trends in endocrinology and metabolism: TEM 2014; 25: 
407-14.

39. Lefebvre VH, Otonkoski T, Ustinov J et al. Culture of adult 
human islet preparations with hepatocyte growth factor and 
804G matrix is mitogenic for duct cells but not for β-cells. 
Diabetes 1998; 47: 134-7.

40. Zanone MM, Favaro E, Doublier S et al. Expression 
of nephrin by human pancreatic islet endothelial cells. 
Diabetologia 2005; 48: 1789-97.

41. Klein T, Ling Z, Heimberg H et al. Nestin is expressed in 
vascular endothelial cells in the adult human pancreas. J 
Histochem Cytochem 2003; 51: 697-706.

42. Jafarian A, Taghikhani M, Abroun S et al. Generation of 
high-yield insulin producing cells from human bone marrow 
mesenchymal stem cells. Molecular biology reports 2014; 
41: 4783-94.

43. Karnieli O, Izhar-Prato Y, Bulvik S, Efrat S. Generation 
of insulin-producing cells from human bone marrow 
mesenchymal stem cells by genetic manipulation. Stem 
Cells 2007; 25: 2837-44.

44. Sorieul S, Ephrussi B. Karyological Demonstration of 
Hybridization of Mammalian Cells in Vitro. Nature 1961; 
190: 653-&.

45. Kouris NA, Schaefer JA, Hatta M et al. Directed Fusion of 
Mesenchymal Stem Cells with Cardiomyocytes via VSV-G 
Facilitates Stem Cell Programming. Stem cells international 
2012; 2012: 414038.

46. Gu G, Dubauskaite J, Melton DA. Direct evidence for the 
pancreatic lineage: NGN3+ cells are islet progenitors and 
are distinct from duct progenitors. Development 2002; 129: 
2447-57.

47. Seymour PA, Freude KK, Tran MN et al. SOX9 is required 
for maintenance of the pancreatic progenitor cell pool. Proc 
Natl Acad Sci U S A 2007; 104: 1865-70.

48. Gradwohl G, Dierich A, LeMeur M, Guillemot F. 
neurogenin3 is required for the development of the four 
endocrine cell lineages of the pancreas. Proc Natl Acad Sci 
U S A 2000; 97: 1607-11.

49. Gouzi M, Kim YH, Katsumoto K et al. Neurogenin3 
initiates stepwise delamination of differentiating endocrine 
cells during pancreas development. Developmental 
dynamics : an official publication of the American 
Association of Anatomists 2011; 240: 589-604.



Oncotarget48977www.impactjournals.com/oncotarget

50. Naya FJ, Huang HP, Qiu Y et al. Diabetes, defective 
pancreatic morphogenesis, and abnormal enteroendocrine 
differentiation in BETA2/neuroD-deficient mice. Genes & 
development 1997; 11: 2323-34.

51. Ben-Othman N, Courtney M, Vieira A et al. From 
pancreatic islet formation to β-cell regeneration. Diabetes 
research and clinical practice 2013; 101: 1-9.

52. Ziv O, Glaser B, Dor Y. The plastic pancreas. 
Developmental cell 2013; 26: 3-7.

53. Siegel G, Kluba T, Hermanutz-Klein U et al. Phenotype, 
donor age and gender affect function of human bone 
marrow-derived mesenchymal stromal cells. BMC medicine 
2013; 11: 146.

54. Fellous M, Kamoun M, Wiels J et al. Induction of 
Hla Expression in Daudi Cells after Cell-Fusion. 
Immunogenetics 1977; 5: 423-36.

55. Lange C, Cakiroglu F, Spiess AN et al. Accelerated and safe 
expansion of human mesenchymal stromal cells in animal 
serum-free medium for transplantation and regenerative 
medicine. J Cell Physiol 2007; 213: 18-26.

56. Peister A, Mellad JA, Larson BL et al. Adult stem cells 
from bone marrow (MSCs) isolated from different strains of 
inbred mice vary in surface epitopes, rates of proliferation, 
and differentiation potential. Blood 2004; 103: 1662-8.

57. Merglen A, Theander S, Rubi B et al. Glucose sensitivity 
and metabolism-secretion coupling studied during two-
year continuous culture in INS-1E insulinoma cells. 
Endocrinology 2004; 145: 667-78.

58. Oberholzer J, Triponez F, Mage R et al. Human islet 
transplantation: lessons from 13 autologous and 13 
allogeneic transplantations. Transplantation 2000; 69: 1115-
23.

59. Weber K, Bartsch U, Stocking C, Fehse B. A multicolor 
panel of novel lentiviral “gene ontology” (LeGO) vectors 
for functional gene analysis. Molecular therapy : the journal 
of the American Society of Gene Therapy 2008; 16: 698-
706.

60. Islam MQ, Ringe J, Reichmann E et al. Functional 
characterization of cell hybrids generated by induced 
fusion of primary porcine mesenchymal stem cells with an 
immortal murine cell line. Cell Tissue Res 2006; 326: 123-
37.

61. Ardestani A, Paroni F, Azizi Z et al. MST1 is a key 
regulator of beta cell apoptosis and dysfunction in diabetes. 
Nat Med 2014; 20: 385-97.

62. Schulthess FT, Paroni F, Sauter NS et al. CXCL10 impairs 
beta cell function and viability in diabetes through TLR4 
signaling. Cell Metab 2009; 9: 125-39.

63. Maedler K, Sergeev P, Ris F et al. Glucose-induced beta 
cell production of IL-1beta contributes to glucotoxicity in 
human pancreatic islets. J Clin Invest 2002; 110: 851-60.


