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Several approaches are presently under study to restore
b-cell mass after the onset of type 1 diabetes. Islet transplantation has proven successful, but the scarcity of
donors limits its implementation. Converting the nonendocrine cells of the pancreas (;98% of the organ) into
b-cells is one of the proposed alternatives. Proof of concept has been generated by reprogramming, which normally requires the ectopic expression of b-cell “master”
genes (1–3) and, in the case of human exocrine cells,
either lentiviral transduction of mitogen-activated protein
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kinase and signal transducer and activator of transcription 3 (4), or genome-wide chromatin-altering agents and
adenoviral transduction of four reprogramming factors
(3). These studies suggest the existence of cells in the
exocrine (acinar and ductal) compartment with the ability
to give rise to b-cells through reprogramming. Alternatively, reprogramming regimens may work on undifferentiated cell subpopulations potentially more amenable to
switch fates, as reported in liver-to-pancreas settings
(5,6). For practical purposes, any such undifferentiated
cell capable of becoming a b-cell could be considered “progenitor like.” The widespread consensus is that putative
progenitors in the pancreas should express PDX-1 (7–9).
During pancreatic development, PDX-1 is expressed in
progenitors at different stages (10), and it remains an
insulin transcription regulator in adult b-cells (11). While
Pdx1 has been reported to be mainly restricted to islet
b-cells in adult mice (10), the human extrainsular tissue
teems with PDX-1+/insulin2 cells. Our team has reported
that adult PDX-1–expressing progenitor-like cells mature
into insulin-producing cells following in vitro induction with speciﬁc growth factors and extracellular matrix
components (9).
Progenitor pool activation often depends on the simultaneous inhibition of transforming growth factor-b
(TGF-b) signaling (which generally acts as a brake upon
progenitor cell stimulation) (12–14) and the activation of
the bone morphogenetic protein (BMP) pathway (14–17).
BMP-7 is a U.S. Food and Drug Administration–approved
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ISLET STUDIES

The exocrine pancreas can give rise to endocrine
insulin-producing cells upon ectopic expression of key
transcription factors. However, the need for genetic
manipulation remains a translational hurdle for diabetes
therapy. Here we report the conversion of adult human
nonendocrine pancreatic tissue into endocrine cell
types by exposure to bone morphogenetic protein 7. The
use of this U.S. Food and Drug Administration–approved
agent, without any genetic manipulation, results in the
neogenesis of clusters that exhibit high insulin content
and glucose responsiveness both in vitro and in vivo.
In vitro lineage tracing conﬁrmed that BMP-7–induced
insulin-expressing cells arise mainly from extrainsular
PDX-1+, carbonic anhydrase II2 (mature ductal), elastase 3a (acinar)2, and insulin2 subpopulations. The nongenetic conversion of human pancreatic exocrine cells
to endocrine cells is novel and represents a safer and
simpler alternative to genetic reprogramming.
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homodimeric protein from the TGF-b superfamily with
dual TGF-b inhibition/BMP activation abilities (12,17).
This led us to further hypothesize that PDX-1–expressing
putative b-cell progenitors may respond to BMP-7 stimulation. Here we describe the BMP-7–mediated conversion
of cells within human nonendocrine pancreatic tissue
(hNEPT) into endocrine cells that secrete insulin in response to glucose in vitro and in vivo at levels within the
published range of islets isolated for research (18). In
vitro lineage tracing suggests that BMP-7–responsive cells
arise preferentially from a PDX-1+/hormone-negative subpopulation within hNEPT, rather than from carbonic anhydrase II (CAII)–expressing ductal cells, elas3a-expressing
acinar cells, or pre-existing b-cells. Our ﬁndings offer
new insights on b-cell regeneration and present a distinct
translational potential.
RESEARCH DESIGN AND METHODS
hNEPT Culture

Human islets were isolated at the Diabetes Research
Institute, as in the study by Ricordi et al. (19), and
hNEPT samples (2–4 mL) were obtained as an isolation
by-product. Cells were washed and seeded on tissue
culture–treated plates in FBS-supplemented and trypsin inhibitor–supplemented RPMI 1640 medium (Life
Technologies, Grand Island, NY). After 48 h, ﬂoating
cells were removed and cultures were treated with 100 ng/mL
BMP-7 (ProSpec-Tany TechnoGene, Ness Ziona, Israel)
or maintained in the starting medium as controls. Cells
were allowed to grow for 4–6 days. Serum-containing
medium was then replaced by serum-free Advanced
RPMI 1640 (Life Technologies) without BMP-7. Three
to four days later, cells either were subjected to static
incubation/perifusion or were collected for further
assessments/transplantation.
Immunoﬂuorescence and Imaging Analysis

Immunoﬂuorescence was performed as reported in the
study by Vargas et al. (20). See Supplementary Table 2
for the speciﬁc antibodies used. For ﬂuorescence imaging, Zeiss ApoTome Axiovert 200M and Zeiss LSM510
confocal microscopes were used. For quantiﬁcation purposes (e.g., the percentage of C-peptide+ cells), we used
ImageJ and the FIJI Analyze particles feature. For colocalization studies (e.g., lineage tracing), after background
subtraction and binarization, the area overlap between
EGFP and C-peptide channels was calculated by the AND
operator in FIJI ImageJ. We subsequently calculated the
ratio of overlap over the EGFP area and expressed it as
a percentage.
Flow Cytometry

Flow cytometry was performed as previously reported (21).
Quantitative Real-Time PCR

Samples were washed in PBS and resuspended in RNAlater
(Life Technologies). Quantitative real-time PCR (qRT-PCR)
was conducted as in the study by Nieto et al. (22).
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Glucose-Stimulated Insulin Release, Perifusion, and
Total Insulin Determination

Glucose-stimulated insulin secretion (GSIS) and perifusion
were conducted as previously reported in the studies by
Fraker et al. (23) and Cabrera et al. (24), respectively.
C-peptide/insulin content was determined by ELISA
(Mercodia, Uppsala, Sweden). DNA content was used for normalization (Pico-Green dsDNA Assay Kit; Life Technologies).
Lineage Tracing

Lineage tracing was performed using the reporter
lentiviral construct cytomegalovirus (CMV)-LoxP-dsREDSTOP-LoxP-EGFP (provided by Dr. P. Ravassard, Hôpital
Pitié-Salpétrière-Paris, Paris, France) with CAII-Cre lentivirus, Elas3a-Cre lentivirus (both on second-generation vector pLenti-MP2), Adeno-RIP (rat insulin promoter)-Cre,
and Adeno-Pdx1-Cre. CAII and ELA3A promoters were ampliﬁed by PCR from the plasmids pLightSwitch S709333
and S703278 (Switchgear Genomics, Carlsbad, CA), respectively. The 1614–4531 region of the mouse Pdx1 promoter
(AF192495), containing the regulatory sequences directing
b-cell expression (25) (active in human b-cells [26]), was
PCR cloned from liver-isolated DNA. Cre was PCR ampliﬁed
from pGD89 (Addgene). Recombinant lentiviruses were produced by the University of Miami Viral Vector Core Facility.
Adeno-RIP-Cre and Adeno-Pdx1-Cre were produced in an
adenovirus serotype 5 with E1/E3 deletion (Vector Biolabs,
Malvern, PA). hNEPT was transduced with equal amounts of
reporter and Cre constructs.
Animal Procedures

All procedures were approved by the University of Miami
Institutional Animal Care and Use Committee. Male nu/nu
mice (Taconic) were rendered diabetic with a single injection of streptozotocin (STZ) (200 mg/kg) and were
considered to be diabetic when three consecutive glucose
readings were .250 mg/dL. Insulin pellets (Linplant;
LinShin Canada Inc., Toronto, ON, Canada) were placed
subcutaneously for glucose homeostasis support. Under
general anesthesia, hNEPT (1–2 3 107 cells) were injected
under the kidney capsule of mice with sustained hyperglycemia (.300 mg/dL) in a minimal volume of saline.
Buprenorphine was administered subcutaneously for pain
management twice daily for 3 days. Blood glucose levels
were checked daily for 10 days and then twice weekly.
For C-peptide detection, animals were fasted (;2-4 h),
and an intraperitoneal glucose bolus (2 g/kg body wt) was
administered. Blood from the retro-orbital plexus was
obtained under general anesthesia ﬁrst after fasting and
then 1 h after the bolus was administered. Human
C-peptide levels in plasma were measured with the Ultrasensitive Human C-peptide ELISA Kit (Mercodia).
Statistics

GraphPad Prism version 5 was used for statistical analysis. Following the Shapiro-Wilk normality test, statistical
differences between groups were calculated by using
a two-tailed paired t test or Wilcoxon signed rank test.
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A P value of #0.05 was considered to be signiﬁcant.
Results are expressed as mean 6 SD.
RESULTS
BMP-7 Induces Phenotypic Changes Consistent With
the Formation of New Endocrine Cells

hNEPT was obtained from our cGMP facility as a by-product
of human islet isolation. While there is substantial variation
based on donor variables, the ﬂow cytometry analysis of ﬁve
fresh hNEPT preparations yielded an average of 68.9 6
25.8% PDX-1+ cells, 50.8 6 24.6% CA19.9+ (ductal) cells,
35.9 6 28.9% amylase+ (acinar) cells, 6.3 6 2.9% CD105+
(mesenchymal) cells, and 1.7 6 1.3% insulin+ cells. Of note,
because of the rigors of isolation (which seemingly favors
the preservation of speciﬁc cell types), the composition of
fresh hNEPT, as determined by FACS, does not fully correlate with that observed by immunoﬂuorescence analysis of
pancreatic sections.
hNEPT was allowed to attach to tissue culture–treated
plates for 48 h (phase 1) and subsequently was exposed to
BMP-7 in the presence of serum for 4–6 days (phase 2). In
a third phase, cells were cultured for 3–4 days in serum-free
medium without BMP-7. Controls were cultured as above
without BMP-7 in phase 2. Throughout the course of the
experiment, BMP-7 induced the formation of abundant clusters (up to ;2,000 colonies/mL, with a typical pellet of 30–
40 mL from each organ). Clusters were much less abundant
in control cultures, which became mainly mesenchymal like
(Fig. 1A). Colony growth in the BMP-7 group was followed
by in situ live cell imaging (Fig. 1B and Supplementary Fig.
1). Size increase was paralleled by an average rise of 4.8-fold
in DNA content from the time of attachment to t = 12 days
(n = 2). In contrast, pure islet preparations (n = 3) treated
with BMP-7 failed to give rise to colonies.
We studied the expression of 43 genes in hNEPT
preparations (n = 8) treated with BMP-7 and untreated
controls at the same time point. As shown in Fig. 1C,
BMP-7 induced changes consistent with robust endocrine
cell conversion, evidenced by average increases of 40-fold
in insulin, 92-fold in glucagon, 14-fold in pancreatic polypeptide (PPY), 28-fold in somatostatin (SST), and 29-fold
in PDX-1. GCK (glucokinase gene), MAFA, and NKX6.1, as
well as islet development markers HNF1B and NEUROD1,
were also elevated. The upregulation of cytokeratin-19,
carboxypeptidase A, and pancreatic lipase indicates that
BMP-7 induced the expression not only of endocrine
genes, but also of ductal and acinar genes.
Interestingly, despite its well-documented role in preventing epithelial-to-mesenchymal transition (EMT) (12),
BMP-7 had only a marginal effect on reducing the mesenchymalization of hNEPT, as only the EMT marker ZEB1
was signiﬁcantly downregulated (0.4-fold, P , 0.01), while
ZEB2 was even slightly upregulated (1.6-fold, P , 0.05).
The epithelial marker E-cadherin (CDH1) was upregulated
(sixfold, P , 0.01), but there were no substantial changes
in other EMT genes (Fig. 1D). This is signiﬁcant because
EMT has been reported in human pancreatic exocrine
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cultures with long-term culture (as conﬁrmed by our
team; see Supplementary Fig. 2), and its prevention has
been posited to be critical for their b-cell reprogrammability with PDX-1, MAFA, NGN3, and PAX4 (3).
Figure 1E shows the average total insulin content (in
nanograms per microgram DNA) of 10 hNEPT preparations (BMP-7 treated and untreated) after 12 days in
culture. The average insulin content for BMP-7–treated
cells was 170 ng/mg DNA, with one preparation reaching
657 ng/mg DNA. This is within the range (75–454 ng/mg
DNA) of the majority of 30 human islet preparations for
research distributed through the Integrated Islet Distribution Program (18). To rule out false-positive results
derived from the presence of insulin in the medium, we
analyzed another four hNEPT preparations (BMP-7 treated and untreated) for C-peptide at day 12 (Fig. 1F). We
also included C-peptide at t = 0, which was on average
0.29 ng/mg DNA (range 0.1–0.5 ng/mg DNA). The average
C-peptide content of BMP-7–treated cells was 66.5 ng/mg
DNA (range 46–103 ng/mg DNA). This represents an average ;230-fold increase versus t = 0. Interestingly, control hNEPT cultured for the same length without BMP-7
also produced insulin and C-peptide (20.5 and 9.2 ng/mg
DNA, respectively), albeit at signiﬁcantly lower levels than
BMP-7–treated cells (P = 0.01 and P = 0.02, respectively;
Fig. 1E and F). As serum is known to contain BMPs (27),
this observation suggests that serum could elicit per se an
attenuated BMP-7–like response.
C-Peptide+ Cell Yield and Glucose-Responsive Insulin
Secretion

We next characterized insulin-expressing clusters by
immunoﬂuorescence. To rule out false-positive results,
we also stained for C-peptide, as its detection indicates de
novo insulin synthesis. Immunoﬂuorescence was done in
situ to preserve cluster cytoarchitecture. Most aggregates
presented cytoplasmic insulin/C-peptide and nuclear
PDX-1 (Fig. 2A). To quantify the number of C-peptide+
cells, we used the ImageJ/FIJI Analyze particles feature
on an average of 12 ﬁelds/sample (n = 3). The percentage
of C-peptide+ cells in hNEPT after BMP-7 treatment was
30.4 6 4% vs. 8.1 6 0.9% in controls (P , 0.0001).
Glucagon, SST, and PPY were also observed (Fig. 2B),
but none of the islet hormones colocalized within the
same cell. NKX6.1 and MAFA, two b-cell markers, were
also detected in insulin+ cells. Most clusters exhibited
these and other features of endocrine maturity, such as
monohormonal expression in single cells. However, other
clusters appeared more immature, with nuclear and cytoplasmic MAFA in insulin-expressing cells or PDX-1+/
insulin2 cells (Fig. 2B).
GSIS assays conducted at day 12 showed that BMP7–induced clusters were glucose responsive in a statistically signiﬁcant manner (Fig. 2C). The average C-peptide
release in the experimental group was 1.6 ng/mg DNA
(stimulation index [SI] 2.4), which is within the range
reported for research-grade islets (18). In contrast, controls
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Figure 1—BMP-7 induces endocrine-like colonies in hNEPT cultures. A: The administration of BMP-7 to hNEPT results in the formation of
cellular clusters, in contrast to the mostly monolayer pattern that is observed in untreated controls (inset) at the same time point (10–12
days from the beginning of culture). Scale bars, 100 mm. B: An Incucyte Zoom instrument was used to capture still images of the same
colony at four time points throughout the 10 days after BMP-7 addition. Scale bar, 50 mm. Representative markers of adult pancreatic cells
(C, left), pancreatic development (C, right), and EMT (D) were analyzed by TaqMan Low Density Array qRT-PCR in BMP-7–treated and
untreated hNEPT at the same time point after completion of the protocol. Values represent fold change (RQ ratios) vs. the untreated control.
Following the Shapiro-Wilk normality test, statistical differences between RQ ratios were calculated by a two-tailed paired t test for normal
distributions or a Wilcoxon signed rank test for nonparametric distributions. ***P < 0.005; **P < 0.01; *P < 0.05. n.s., no signiﬁcance (P >
0.05). E: Average insulin content (in nanograms per microgram DNA) of 10 independent hNEPT preparations after 12 days (untreated
control [CTRL] and BMP-7 treated). *P = 0.019. F: Average C-peptide content (in nanograms per microgram DNA) of four independent
hNEPT preparations at day 0 (t = 0) and after 12 days (CTRL and BMP-7 treated). *P = 0.02.

released 0.37 ng/mg DNA, with an average SI of 1.7. Although this response was not statistically signiﬁcant in controls, it could be argued that there is a trend toward glucose
responsiveness, which potentially could be explained by
the presence of BMPs in the serum (27). Additional perifusion assays showed that BMP-7–treated hNEPT responded
dynamically to glucose, although with a wider than typical
ﬁrst phase (data not shown).
To assess in vivo function, we transplanted BMP-7–
treated and control hNEPT under the kidney capsule of

nu/nu STZ-diabetic mice. Three preparations were used (n =
5 animals/preparation). Five additional mice received saline
(sham). For each experiment, four animals were transplanted with BMP-7–treated cells and one was transplanted with control (untreated, same time point) hNEPT.
Intraperitoneal glucose tolerance tests were performed
between postoperative days (PODs) 25–39 and subsequently at PODs 108–122. To this end, mice were fasted
for 2–4 h before the administration of the glucose bolus.
No human C-peptide could be detected in the plasma of
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sham-operated mice or those receiving untreated hNEPT,
either prior to or after glucose stimulation. In contrast,
mice transplanted with BMP-7–treated hNEPT had up to
230 pmol/L (700 pg/mL) of C-peptide upon glucose stimulation (Fig. 3A). The average glucose SI was 15.6 (P =
0.0064) at PODs 25–39 (Fig. 3B) and 43.4 (P = 0.034) at
PODs 108–122 (Fig. 3C), although at the latter time
point C-peptide values were generally lower than those
measured at PODs 25–39. At any rate, transplanted
hNEPT did not correct hyperglycemia (data not shown).
In fact, insulin pellets attenuated, but did not correct,
hyperglycemia in this experimental model either. Several mice died of causes associated with their background,
and the remaining mice were humanely euthanized
thereafter. Immunoﬂuorescence analysis of the grafts
showed insulin+ cells in close proximity to exocrine
cells (Supplementary Fig. 3).
Newly Formed b-Like Cells Arise Mostly From PDX-1+
Cells

Figure 2—Immunoﬂuorescence and functional in vitro analysis of
BMP-7–treated hNEPT. A, top row: BMP-7–induced cell aggregates
coexpress insulin (green) and C-PEP (C-peptide, red). Channel
merge and DAPI nuclear staining (blue) are shown at the right.
Bottom row: Nuclear PDX-1 (red)/cytoplasmic insulin (green). Channel merge and nuclear staining (blue) are shown at the right. Scale
bar, 50 mm. B, top row, from left to right: INS (insulin, green)/GLU
(glucagon, red); INS (insulin, green)/PPY (red); INS (insulin, green)/
SST (red). Bottom row, from left to right: INS (insulin, green)/NKX6.1
(red); INS (green)/MAFA (red); and INS (green)/PDX-1 (red)/DAPI
(blue) in a representative insulin2/PDX-1+ cluster. Scale bars, 50
mm for top row and pictures 1 and 2 on the bottom row. Picture 3,
bottom row: 100 mm. C: GSIS of control and treated (BMP-7)
hNEPT (n = 5 preparations). x-axis: L1, low glucose 1 (2.5 mmol/
L); H, high glucose (20 mmol/L); L2, low glucose 2 (2.5 mmol/L).
y-axis: human C-peptide (ng/mg of DNA). A second exposure to low
glucose was performed to rule out false-positive results caused by
“dumping” (the nonphysiological release of insulin). Data are presented as the mean 6 SD (n = 5). n.s., no signiﬁcance (P > 0.05,
two-tailed paired t test). *Statistical signiﬁcance (P < 0.05).

To determine the origin of b-like cells arising upon BMP-7
stimulation, we performed lineage tracing. The strategy
entails transducing fresh hNEPT with a lentiviral reporter
for constitutive, inheritable expression of a dsRed ﬂuorescent marker ﬂanked by loxP sites. The expression of a second viral construct in which Cre recombinase is placed
under the control of a lineage-speciﬁc promoter results
in the excision of the dsRed/STOP sequence and the subsequent expression of a second EGFP marker (Fig. 4A). In
vitro lineage tracing of primary pancreatic tissues has
potential limitations, such as the possibility that speciﬁc
cell types are differentially transduced or that the promoters used are downregulated by the time the cells
have attached and have been transduced. Still, lineage tracing is useful to provide a general indication about the most
likely origin of any given cell type, and remains a powerful
technique used proliﬁcally in vivo and in vitro (3,28).
We generated constructs with RIPs, CAII, elastase 3a,
and PDX-1 to tag pre-existing b-cells, mature ductal cells,
acinar cells, and putative progenitors/b-cells, respectively.
The reasoning behind the use of the latter is that PDX-1
expression in non–b-cells has been proposed to be a hallmark of adult pancreatic b-cell progenitors (8,29). The
speciﬁcity of RIP, PDX-1, and CAII has been conﬁrmed
in multiple studies (3,30–32). Although the rat elastase 1
promoter has been used to express genes in pancreatic
acinar tissues (33), human elastase 1 is evolutionarily
silent, owing to promoter mutations (34). We thus chose
the elastase 3a promoter, which is highly expressed in
human acinar tissues (35). Lineage-speciﬁc constructs
for ductal and acinar cells (CAII-Cre and Elas3a-Cre)
were shuttled within lentiviral particles. However, PDX1–Cre and RIP-Cre were transduced using adenoviral
vehicles for transient expression. This was done because,
if constitutively expressed throughout the experiment,
the PDX-1 and insulin promoters could be reactivated
in de novo–generated b-like cells (thus engaging the
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Figure 3—Functional in vivo characterization of BMP-7–treated hNEPT. A: Human C-peptide determinations in nu/nu, STZ-treated mice
transplanted with BMP-7–treated hNEPT, untreated hNEPT, or saline (sham) following the intraperitoneal glucose tolerance test. Left
column: hNEPT/mouse recipient identiﬁers. Second/ﬁfth columns: POD of serum human C-peptide (hC-pep determination). Third/fourth
columns: human C-peptide concentrations (pmol/L) obtained prior to (0 min) and 60 min after glucose bolus injection (2.0 g/kg body wt) at
PODs 25–39. Sixth/seventh columns: human C-peptide values obtained at PODs 108–122. Average glucose-stimulated human C-peptide
release (0 and 60 min, represented by light gray and black columns, respectively) at PODs 25–39 (B) and PODs 108–122 (C). x-axis:
C (saline), sham controls; C (untreated), control mice transplanted with untreated hNEPT; BMP-7, mice transplanted with BMP-7–treated
NEPT. y-axis: C-peptide (pmol/L). Data are presented as the mean 6 SD (n = 12). *P < 0.05. HP, human pancreas.

reporter and tagging them at that time regardless of their
origin). Three independent experiments (n = 3) were conducted for these determinations. A minimum of 25
C-peptide+ cells were counted in each ﬁeld (n = 12
ﬁelds/lineage-speciﬁc marker/experiment).
We ﬁrst used the reporter lenti-CMV-LoxP-dsREDSTOP-LoxP-EGFP with adeno-PDX-1-Cre. At the end of
the experiment (day 12), 47.7 6 5.1% of C-peptide+ cells
were EGFP tagged, thus conﬁrming that a large proportion of newly formed C-peptide+ cells derived from cells
that were PDX-1+ at the beginning of culture (Fig. 4B
and C).
If new insulin+ cells arose from pre-existing b-cells
(which also express PDX-1), the prediction was that the

cotransduction of reporter plus RIP-Cre should yield a percentage of tagged C-peptide+ cells similar to that obtained
with PDX-1-Cre. However, when we conducted this experiment, only 21.1 6 9.2% of C-peptide+ cells were tagged
(Fig. 4D), indicating that there is a smaller percentage of
insulin-expressing cells deriving from cells with active RIP
at the time of transfection. Interestingly, 78.6 6 23.6% of
the EGFP+ tagged cells that expressed insulin at the beginning of the experiment had become vimentin+ at day
12 (Fig. 4E), suggesting the occurrence of EMT, as previously reported in the study by Russ et al. (28). Similarly
arguing against a selective preservation of b-cells as
a result of BMP-7 treatment was our ﬁnding that several
pancreatic epithelial markers (including insulin) were
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Figure 4—Lineage-tracing studies. A: Tissue-speciﬁc promoters (PDX-1: b-cells and putative progenitors; b-cells; CAII, ductal; ELAS:
elastase 3a, acinar) drive Cre expression. The reporter expresses dsRed (red) or EGFP (green) upon Cre-mediated loxP excision. Panels
corresponding to each experiment are in parentheses. C-PEP, C-peptide (white); EGFP (green); dsRed (red); and channel merge (DAPI,
blue) are shown for all experiments. B: PDX-1–Cre plus reporter. Abundant C-peptide+ cells expressed EGFP (white arrows), suggesting
a signiﬁcant participation of PDX-1+ cells in BMP-7–induced C-peptide+ cells. Another representative ﬁeld is shown in higher magniﬁcation
in C. D: RIP-Cre plus reporter. A smaller percentage of RIP-expressing cells contributed to the C-peptide+ population. One such EGFP+/
C-peptide+ cell (white arrow) is shown among several other dsRed+/EGFP2/C-peptide+ cells. E: RIP-Cre plus reporter. VIM, vimentin
(white). Most green cells (white arrows) expressed vimentin, suggesting that residual b-cells typically undergo EMT. F: CAII-Cre plus
reporter. Approximately 5% of C-peptide–expressing cells were EGFP tagged (white arrows). G: ELAS-Cre plus reporter. Several dsRed+/
EGFP2/C-peptide+ cells and two EGFP+/C-peptide+ cells (white arrows) are shown. ImageJ-aided quantiﬁcation of double positives indicated only a marginal acinar contribution to C-peptide+ clusters. H: Table showing the relative estimated contribution (%) of each population.
Scale bars for all panels, 50 mm.
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drastically downregulated during stage 2 (BMP-7 exposure) compared with their expression at the beginning of culture (stage 1), only to increase many fold
after the removal of BMP-7 in stage 3 (Supplementary
Fig. 4).
To further determine whether BMP-7–responsive cells
also resided in the ductal tree, we conducted lineage tracing with CAII-driven Cre. As shown in Fig. 4F, only 5.4%
of C-peptide+ cells had the green tag at day 12. This result
conﬁrms that CAII+ cells have the potential to mature
into C-peptide+ cells, but the occurrence of such conversion is rare in this setting.
Finally, as acinar cells have also been linked to endocrine fate reassignment in reprogramming studies (1,36),
we set out to test their contribution using an Elas3a-Cre
cassette (Fig. 4G). In this case, only 1.37% of EGFP+ cells
turned out to be C-peptide+ (Fig. 4H).
In summary, our results suggest that most BMP-7–
induced b-like cells arise from PDX-1+ cells. There was
a small contribution of cells that expressed ductal or
acinar markers. A substantial percentage of C-peptide+
cells derived from cells that expressed insulin at the
beginning of the experiment, but such contribution was
still nearly 2.5-fold lower than that observed when tagging
PDX-1+ cells in general.
BMP-7 Induces the Formation of C-Peptide+ Cells in
Part Through the Activin-Like Kinase 3/SMAD Pathway

BMP-7 binds to heteromeric complexes formed by BMPR2
(bone morphogenetic receptor type II) and the activin-like
kinase (ALK) 3, ALK6, or ALK2 type I serine/threonine
kinase receptors (37). We found that BMP-4, which signals through ALK3 and ALK6, but not ALK2 (38), induced
C-peptide production on hNEPT (150-fold vs. t = 0 [P ,
0.01] and 5.4-fold (P = 0.05) vs. untreated control; n = 3)
(Fig. 5A and Supplementary Table 1). These values are in
line with the induction observed with BMP-7 (229-fold vs.
t = 0 and 7.2-fold vs. control; see Fig. 1F), thus suggesting
the involvement of ALK3, ALK6, or both. Furthermore,
we observed that THR-123, an ALK3-speciﬁc agonist peptide that does not recognize ALK6 (39), also exhibited
similar C-peptide induction potential (376-fold vs. t = 0
[P , 0.01] and 4.3-fold vs. control [P , 0.01], n = 3)
(Fig. 5B and Supplementary Table 1). These experiments
suggest that BMP-7 acts through ALK3 in this setting.
Our ﬁndings are consistent with numerous reports that
identify ALK3 as the mediator of BMP-7 function in several
models of regeneration, including adult liver regrowth (40),
epidermal Langerhans cell differentiation (41), and kidney
regeneration/ﬁbrosis reversal (39). Canonical BMP activation entails the phosphorylation of SMAD1/5/8 upon ALK3
engagement. As determined by immunoﬂuorescence, ALK3expressing cells presented SMAD1/5/8 phosphorylation
2 h after the addition of BMP-7 to hNEPT (Fig. 5B). To
further conﬁrm these ﬁndings, we used dorsomorphin
(DM), a SMAD1/5/8 phosphorylation inhibitor, alongside
BMP-7 (n = 3). We observed an ;50% reduction in C-peptide
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expression compared with BMP-7 alone (Fig. 5D and Supplementary Table 1). Although this effect was not statistically signiﬁcant (P = 0.13), there was a strong trend in
this direction. The observation that DM does not completely decrease the BMP-7–mediated induction of C-peptide
to control levels may be due to either incomplete inhibition of BMP activity by DM or the partially redundant
induction of SMAD-independent pathways (including
mitogen-activated protein kinase) (42) through BMP-7.
Taken together, our results suggest that the effect of BMP7 on hNEPT is at least partly mediated through the ALK3SMAD1/5/8 BMP pathway.
DISCUSSION

We show for the ﬁrst time efﬁcient conversion of primary
human pancreatic exocrine tissue into functional islet
endocrine cells using a simple nongenetic method.
Exposure to BMP-7 (already in clinical use for unrelated
conditions [43]) was sufﬁcient to elicit this conversion,
yielding abundant clusters that secreted insulin at higher
levels than any exocrine (ductal or acinar) conversion
method reported thus far (3,44) and exhibiting glucose
responsiveness in vitro and in vivo. The rationale for
these experiments stems from an extensive body of
work (including our own [9]) supporting the hypothesis
that the pancreatic exocrine compartment harbors b-cell
progenitors.
We ﬁrst considered the alternative possibility that these
effects were merely the result of a BMP-7–dependent selective preservation of pre-existing b-cells, given their residual presence in hNEPT and the reported beneﬁcial
effects of BMP signaling on their function (45). However,
the following three lines of evidence argued against this
hypothesis: 1) selective b-cell enrichment is inconsistent
with the simultaneous overall increase in cell number
from t = 0 to t = 12 and the augmentation of insulin/
C-peptide production upon BMP-7 treatment (Fig. 1E
and F)—the observation that the insulin+ cell percentage
rose from 1.7% at t = 0% to 30.4% at t = 12 while the
overall DNA content also increased by 4.8-fold argues
against selective b-cell preservation, and this was conﬁrmed by standardized qRT-PCR, which also shows
increases in acinar/ductal marker expression; 2) notwithstanding the theoretical caveat that exocrine tissue might
be necessary for islet-derived cells to form colonies, pure
islet preparations treated with BMP-7 failed to form new
colonies; and 3) gene and protein expression proﬁling of
primary hNEPT over time (Supplementary Fig. 2A and B)
indicates that endocrine, exocrine, and ductal epithelial markers are rapidly downregulated in vitro, while ﬁbroblastic/
mesenchymal markers are upregulated. Immunoﬂuorescence analysis (Supplementary Fig. 1B) conﬁrmed our ﬁnding that mesenchymal cell types take over the cultures
at the expense of epithelial cell types, which would suggest a process of EMT. Despite its reported ability to
suppress EMT, the addition of BMP-7 to hNEPT did
not prevent this process compared with untreated controls
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Figure 5—BMP-7 acts partially through the SMAD pathway. A: C-peptide (ng/mg DNA) following hNEPT treatment with BMP-4. *P < 0.05.
B: C-peptide (ng/mg DNA) following hNEPT treatment with 100 ng/mL THR-123, an ALK3 agonist. C: Immunoﬂuorescence detection of
phosphorylated SMAD1/5/8 (green) 2 h after BMP-7 addition to hNEPT cultures (top row). ALK3 (red) and merged channels are also shown.
Controls (BMP-7–untreated hNEPT, bottom row) do not exhibit phospho (P)-SMAD1/5/8 staining. Scale bar, 50 mmol/L. D: C-peptide
(ng/mg DNA) following hNEPT treatment with BMP-7 and BMP-7 plus dorsomorphin, a BMP-SMAD phosphorylation inhibitor. P = 0.13.
Ctrl, control.

in any meaningful manner, as conﬁrmed by qRT-PCR analyses (Fig. 1D). In fact, lineage-tracing analyses further indicated that at least 78% of the pre-existing RIP-expressing
cells (epithelial cell types) turned into vimentin+ cells after
12 days in culture despite the presence of BMP-7 in the
medium. qRT-PCR analysis performed at the end of each
stage shows that, compared with the initial content, the
expression of insulin signiﬁcantly decreases at the end of
stage 2, increasing several fold by the end of stage 3 (Supplementary Fig. 4). Other pancreatic epithelial genes
exhibit a similar pattern of expression. In contrast, the
expression of vimentin increases continuously in the ﬁrst
10 days of culture (data not shown) and is not affected by
BMP-7. Taken together, the above data are inconsistent with
the mere preservation of pre-existing epithelial cells by
BMP-7, as we show that epithelial markers are downregulated after attachment and then upregulated in the last stage
of the protocol. Instead, our results suggest a process in
which BMP-7–mediated stimulation of progenitor-like cells
is followed by differentiation. In fact, such explanation is
aligned with earlier observations showing that BMP-4,

a BMP ligand that also stimulates hNEPT, blocks the differentiation of endocrine progenitor cells, instead promoting
their expansion (46).
Another potential explanation of our results is that
BMP-7 could “redifferentiate” b-cells that may have
reverted to an insulin-negative progenitor-like stage due
to isolation stress, as described in mice (47). For this scenario to be consistent with our lineage-tracing data, dedifferentiated b-cells would have lost insulin but kept PDX-1
expression, which would be in contradiction with the above
report, in which PDX-1 expression is also lost in the b-cell
dedifferentiation process. We cannot rule out, however, the
contribution of other potential dedifferentiation mechanisms in which PDX-1 expression is preserved.
Indeed, lineage tracing additionally suggested that
new insulin-producing cells arose mainly from a PDX-1–
expressing subpopulation within hNEPT. Parallel experiments in which we tagged cells that expressed insulin at
the beginning of the culture (e.g., residual b-cells that may
persist in hNEPT, which also express PDX-1) yielded
nearly 2.5-fold less colocalization of C-peptide and EGFP.
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These results are therefore consistent with the hypothesis
that extrainsular progenitor-like cells are major contributors to newly formed insulin-producing cells. Rare PDX-1+
progenitor-like cells have been described (29) within the
islet, and their most salient feature was that they expressed
low levels of insulin. If the PDX-1+ cells described here also
expressed insulin (albeit at levels that rendered it undetectable by standard immunoﬂuorescence), the observed RIP
tagging could be explained not just as persisting b-cells, but
also as the result of Cre activity in PDX-1+ progenitors
where insulin expression goes above a certain threshold.
Regarding the small participation of elastase+ and CAII+
cells, ductal and acinar tissues are developmentally labile
(1,3,7,8,36). Although we cannot discard the possibility
that BMP-7 may induce elastase+ and CAII+ cell conversion,
our data indicate that this is uncommon.
Transplantation experiments demonstrate long-term
engraftment and function, but diabetes was not reversed.
Two hypotheses could explain this observation. First,
owing to the limitations of in vitro settings, BMP-7 may
have induced an impaired maturation state insufﬁcient to
maintain glucose homeostasis in vivo. This would be
consistent with the occasional signs of immaturity detected in the BMP-7–induced clusters (e.g., the occurrence
of nuclear/cytoplasmic MAFA and PDX-1+/insulin2 cells).
Similar limitations were encountered in the human embryonic stem (hES) cell ﬁeld, where earlier differentiation
attempts also yielded cells that had high insulin content
but were unable to reverse diabetes (48). Even with the
most recent advances, hES cell–derived b-like cells seemingly require maturation in the host to achieve functional
competence (49). Of note, it has been shown recently that
the BMP inhibition used in prevailing methods for hES-toPDX-1+ progenitor speciﬁcation originates dysfunctional/
polyhormonal cells. Inhibitor removal eliminated this problem (50). These ﬁndings lend additional support to our hypothesis that BMP signaling sustains functional maturation
of PDX-1+ progenitor-like cells within the adult pancreas.
The second hypothesis to explain in vivo suboptimal
function is exocrine contamination. Graft analysis revealed
exocrine cells adjacent to endocrine cells (Supplementary
Fig. 3). Acinar proteases impair islet viability in vivo and
in vitro, and antiproteases were shown to rescue function
(51). Transplantation outcomes might therefore be improved by puriﬁcation of the endocrine fraction prior to
transplantation.
There was high variability in the ability of individual
hNEPT preparations to form colonies and the extent to
which they produced insulin. This is hardly surprising
owing to the limitations inherent in the study of primary
human pancreatic tissue, which include donor age, sex,
and weight; ischemia time; tissue digestion length; and
yield. The establishment of quality control parameters
prior to treatment is a current priority in our laboratory.
The possibility that the effects herein described are
mediated through a process of dedifferentiation and subsequent redifferentiation cannot be entirely ruled out,
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and any extrapolation of our ﬁndings to potential in vivo
physiological regeneration phenomena would be speculative at this point. While our data have led us to
hypothesize that BMP-7 induces a population with
progenitor-like characteristics, any such population would
need to be thoroughly characterized in order to validate
the “progenitor cell hypothesis.” This characterization
must include expansion and multilineage differentiation
potential. While the focus of our preliminary data has
been on b-cells, more comprehensive lineage-tracing studies are needed to determine the full differentiation potential of BMP-7–responsive cells. As shown in Fig. 1C and
Supplementary Fig. 4, other pancreatic endocrine and
exocrine markers are also elevated upon BMP-7 treatment. Based on this and our experience with biliary tree
progenitors (which become either pancreatic or hepatic
cell types, depending on speciﬁc extracellular matrix
cues [9]), as well as the observation that other putative
pancreatic progenitor-like cells described in the literature
are also multipotent (29,52), we believe this hypothesis to
be highly plausible. Our lineage-tracing setting is already in
place and will be used to further ascertain the origin of other
endocrine and exocrine cell types after BMP-7 treatment.
Further studies will help us determine whether these
BMP-7–responsive cells remain intact in patients with type 1
diabetes, which may set the ground for potential therapeutic interventions to induce b-cell regeneration in vivo.
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