Cell Reports

P2RY1/ALK3-Expressing Cells within the Adult
Human Exocrine Pancreas Are BMP-7 Expandable
and Exhibit Progenitor-like Characteristics

Graphical Abstract Authors

Mirza Muhammad Fahd Qadir,

Silvia Alvarez-Cubela, Dagmar Klein, ...,
Luca Alessandro Inverardi,

Ricardo Luis Pastori,

Juan Dominguez-Bendala

Human Pancreas

Large
Pancreatic

Ducts
Correspondence

Cell sorting: P2RY1*/ALK3bright rpastori@med.miami.edu (R.L.P.),
jdominguez2@med.miami.edu (J.D.-B.)

Expansion Stage In Brief
Qadir et al. describe and characterize a
population of multipotent, BMP-7-
responsive progenitor-like cells within the
Differentiation Stage | human exocrine pancreas. These cells
4* BMP-7 ) .

are characterized by the expression of

PDX1 and ALKS, a canonical BMP

A 4

Sp— '® @G . - .
Endocrine-like < — Acinar-like receptor. Their findings shed new light on
7 potential regenerative pathways in the
Ductal-like human pancreas.
Highlights Data and Software Availability

e Multipotent cells expressing PDX1 and ALKS3 reside in the GSE104120
human exocrine pancreas

e PDX1*/ALK3P"9"* cells are found mostly in major pancreatic
ducts and duct glands

e Surface markers ALK3 and P2RY1 can be used to sort and
culture progenitor cells

e BMP-7 stimulates pancreatic progenitor cell proliferation by
binding to ALK3

‘T‘ Qadir et al., 2018, Cell Reports 22, 2408-2420

February 27, 2018 © 2018 The Author(s). ‘ :e“
https://doi.org/10.1016/j.celrep.2018.02.006


mailto:rpastori@med.miami.edu
mailto:jdominguez2@med.miami.edu
https://doi.org/10.1016/j.celrep.2018.02.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2018.02.006&domain=pdf

OPEN

ACCESS
CellPress

Cell Reports

P2RY1/ALKS3-Expressing Cells within the Adult
Human Exocrine Pancreas Are BMP-7 Expandable
and Exhibit Progenitor-like Characteristics

Mirza Muhammad Fahd Qadir, -2 Silvia Alvarez-Cubela,-? Dagmar Klein,"-° Giacomo Lanzoni," Carlos Garcia-Santana,®
Abelardo Montalvo,! Fabiola Placeres-Uray,! Emilia Maria Cristina Mazza,* Camillo Ricordi,!-56.7

Luca Alessandro Inverardi,'-6-¢ Ricardo Luis Pastori,'-¢-8* and Juan Dominguez-Bendala'-2.5:10-*

1Diabetes Research Institute, Leonard M. Miller School of Medicine, University of Miami, Miami, FL 33136, USA

2Department of Cell Biology and Anatomy, Leonard M. Miller School of Medicine, University of Miami, Miami, FL 33136, USA

30physio, Inc., Miami, FL, USA
4lstituto Clinico Humanitas IRCCS, Milano 20089, Italy

5Department of Surgery, Leonard M. Miller School of Medicine, University of Miami, Miami, FL 33136, USA

6Department of Microbiology & Immunology, Leonard M. Miller School of Medicine, University of Miami, Miami, FL 33136, USA
7Department of Biomedical Engineering, Leonard M. Miller School of Medicine, University of Miami, Miami, FL 33136, USA

8Department of Medicine, Division of Metabolism, Endocrinology and Diabetes, Leonard M. Miller School of Medicine, University of Miami,

Miami, FL 33136, USA
9These authors contributed equally
10 ead Contact

*Correspondence: rpastori@med.miami.edu (R.L.P.), jdominguez2@med.miami.edu (J.D.-B.)

https://doi.org/10.1016/j.celrep.2018.02.006

SUMMARY

Treatment of human pancreatic non-endocrine tissue
with Bone Morphogenetic Protein 7 (BMP-7) leads
to the formation of glucose-responsive B-like cells.
Here, we show that BMP-7 acts on extrainsular cells
expressing PDX1 and the BMP receptor activin-like
kinase 3 (ALK3/BMPR1A). In vitro lineage tracing indi-
cates that ALK3* cell populations are multipotent.
PDX1*/ALK3" cells are absent from islets but promi-
nently represented in the major pancreatic ducts
and pancreatic duct glands. We identified the puri-
nergic receptor P2Y1 (P2RY1) as a surrogate surface
marker for PDX1. Sorted P2RY1*/ALK3P"9"* cells
form BMP-7-expandable colonies characterized by
NKX6.1 and PDX1 expression. Unlike the negative
fraction controls, these colonies can be differentiated
into multiple pancreatic lineages upon BMP-7 with-
drawal. RNA-seq further corroborates the progeni-
tor-like nature of P2RY1*/ALK3""9"* cells and their
multilineage differentiation potential. Our studies
confirm the existence of progenitor cells in the adult
human pancreas and suggest a specific anatomical
location within the ductal and glandular networks.

INTRODUCTION

The existence of progenitor-like cells within the adult human
pancreas has been hypothesized for decades (Bonner-Weir
et al., 2008; Wang et al., 2013), but their characterization has
proven elusive. The study of their nature and potency may
help us tap into an endogenous cell repository for pancreatic
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B cell regeneration, which could lead to therapeutic applications
for type 1 and type 2 diabetes. We have previously shown that
bone morphogenetic protein 7 (BMP-7), a transforming growth
factor B (TGF-B) family member with dual BMP activation and
TGF-B inhibition potential, stimulates progenitor-like cells within
cultured human non-endocrine pancreatic tissues (hNEPTSs)
(Klein et al., 2015). Our studies suggested that BMP-7-respon-
sive cells express both pancreatic duodenal homeobox 1
(PDX1) and the BMP receptor 1A (BMPR1A, also known as ac-
tivin-like receptor 3, ALK3), whose engagement has been asso-
ciated with regeneration in multiple tissues (Sugimoto et al.,
2012; Yasmin et al.,, 2013; Zhang et al., 2015). These cells
were also negative for insulin and the hitherto-considered
pan-ductal marker carbonic anhydrase Il (CAll). Here, we pre-
sent additional evidence that genetically tagged ALK3* cells
within hNEPT have multilineage differentiation potential. Pro-
genitor-like cells can be sorted using ALK3 and the purinergic
receptor P2Y1 (P2RY1), which we have validated as a surrogate
surface marker for PDX1-expressing cells. P2RY1*/ALK3P1ight+
cells can be cultured in defined conditions, respond to BMP-7
by expanding, and then differentiate into multiple pancreatic
cell types upon BMP-7 withdrawal, including C-peptide/
NKX6.1/PDX1-expressing B-like cells. qRT-PCR and RNA
sequencing (RNA-seq) analyses further confirm the BMP-7-
induced transcriptional activation of inhibitor of binding/differ-
entiation (ID) genes associated with progenitor cell proliferation,
as well as the upregulation of differentiation markers of all
pancreatic lineages following BMP-7 withdrawal. We further
show the anatomic location of PDX1*/ALK3P"9"** cells in the hu-
man pancreas, mostly within the major pancreatic ducts (MPDs)
and associated pancreatic duct glands (PDGs). Our studies
shed new light on the nature and niche of pancreatic progenitor
cells and suggest potential interventions to induce B cell regen-
eration in situ.
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Figure 1. Lineage-Tracing Studies

(A) Experimental design. The ALK3 promoter was
used to drive Cre expression. The reporter ex-
presses dsRed (red) or EGFP (green) upon Cre-
mediated loxP excision. Both constructs were
simultaneously transduced into hNEPT cells.
Upon BMP-7 treatment, we set out to determine
whether EGFP was present in cells expressing
C-peptide (C-PEP), glucagon (GCG), CA19.9, or
amylase (AMY). These markers are shown in
white in (B) through (E), respectively. EGFP
(green) and dsRed (red) + channel merge (DAPI,
blue) are shown for all experiments. Each panel
also shows an EGFP (green) + mature marker
(white) merge to facilitate the identification of
cells that co-express both markers. Confocal
microscopy was used in the acquisition of all
these images.

(B) ALK3-Cre + reporter + C-peptide IF. Abundant
C-peptide™* cells expressed EGFP (white arrows),
suggesting a significant participation of ALK3*
cells in BMP-7-induced C-peptide™ cells.

(C) ALK3-Cre + reporter + GCG IF. As previously
observed for C-PEP, a significant percentage of
EGFP-tagged cells were also GCG™ (white arrows).
(D) ALK3-Cre + reporter + CA19.9 IF. In contrast
with C-PEP and GCG, very few CA19.9 cells ex-
pressed the EGFP tag. A representative micro-
photograph shows co-localization in only one cell
of a large cluster (magnified in the inset).

(E) ALK3-Cre + reporter + amylase IF. As
with CA19.9, less than 1% of amylase-ex-

eGFP

pressing cells were EGFP-tagged (representative microphotograph showing no co-localization). Inset: example of a rare small cluster of Amy*/EGFP* cells
elsewhere. Numbered white arrows denote incidences of co-localization between the indicated marker and GFP.

RESULTS

In Vitro Lineage Tracing Supports ALK3"* Origin of
BMP-7-Stimulated C-Peptide-Expressing Cells and
Suggests Multilineage Differentiation Potential

Previous in vitro lineage-tracing experiments suggested that,
while BMP-7-responsive cells within hNEPT are largely nega-
tive for CAll and elastase 3a (Elas3a, acinar marker), they
were positive for PDX1 (Klein et al., 2015). Tagged residual
B cells (which are also PDX1%) had a lower contribution to
the resulting C-peptide™ cells, with additional evidence ruling
out that they were responsible for the reported BMP-7-medi-
ated effects. Further assays also determined that ALK3 is the
most likely BMP receptor mediating the effect of BMP-7 in
our system (Klein et al., 2015). To confirm that ALK3-express-
ing cells exhibit multilineage differentiation potential upon
BMP-7 stimulation, similar to that previously reported for
PDX1-expressing cells, we performed further lineage tracing.
The strategy entails transducing fresh hNEPT with a lentiviral
reporter (CMV-LoxP-dsRED-STOP-LoxP-EGFP) for expression
of a dsRed fluorescent marker flanked by loxP sites. Expres-
sion of a second adenoviral construct, in which Cre is driven
by the ALK3 promoter (Calva-Cerqueira et al., 2010), results
in the excision of the dsRed/STOP sequence and expression
of EGFP (Figure 1A). As a result, cells with active ALK3 expres-
sion at the time of transduction, as well as their progeny, are
labeled in green.

4 hNEPT preparations were used for this purpose. hNEPT
cultures were transduced as described previously (Klein et al.,
2015), i.e., following a regimen in which cells are exposed to
BMP-7 for 8-10 days, and then BMP-7 is withdrawn to allow for
differentiation. We typically observe 7% and 20% efficiency of
transduction for lentivirus and adenovirus, respectively. In our
experience, neither exhibits preferential transduction for any
particular cell type in hNEPT. We then determined whether there
was co-localization of EGFP* signal (labeling ALK3* cells) with
C-peptide (Figure 1B), glucagon (Figure 1C), CA19.9 (Figure 1D),
and amylase (Figure 1E). Similar to our previous findings with
labeled PDX1* cells (Klein et al., 2015), by tagging ALK3™" cells,
we also detected co-localization of EGFP/C-peptide (59.2 +
4.0% of the EGFP-tagged cells were also C-peptide®) and, to a
lesser extent, of EGFP/glucagon (19.6 + 5.5%). However, the de-
gree of co-localization of EGFP with either CA19.9 or amylase
(mature markers of ductal and acinar tissues, respectively) was
almost negligible (<1%). These values provide only an orientation
of differentiation trends, as limitations of in vitro lineage tracing
make accurate quantification impossible. While we cannot rule
out the possibility that ALK3™ cells may give rise to ductal and
acinar cells under different culture conditions, our results suggest
that the potential of ALK3" progenitor-like cells in hNEPTs is
chiefly restricted to endocrine fates. Coupled with our earlier find-
ings (Klein et al., 2015), these data further suggest that the cells
within hNEPT that convert to C-peptide* cells upon BMP-7 stim-
ulation are characterized by PDX1 and ALK3 expression.
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Figure 2. PDX1 and ALK3 Patterns of Expression in the Human
Pancreas

(A) PDX1 (green) is expressed in insulin-producing B cells (red) and in exocrine
cells.

(B) Extrainsular PDX1* cells are found in ductal structures. In most, PDX1 (blue)
co-localizes with the ductal marker SOX9 (green), yielding a cyan color.

(C) Many extrainsular PDX1* cells co-express SOX9 (green) and ALK3 (red).
Islets (blue PDX1* nuclei) are invariably ALK3™.

(D) The epithelium of the MPDs (blue arrow) has the largest population of PDX1*/
ALK3P9"/GAII~ cells across the organ. PDGs within the stroma of the MPDs
(vellow arrows) contain comparatively less ALK3°"9"* and more CAII* cells.

(E) Higher magnification of the pattern observed in (D).

(F) Nearly 100% extrainsular PDX1*/ALK3* cells within small ducts co-express
CAll, unlike in PDGs and MPDs, where CAIl™ are also found.

2410 Cell Reports 22, 2408-2420, February 27, 2018

PDX1*/ALK3* Cells Are Found throughout the
Non-endocrine Compartment of the Human Pancreas,
but Not in Islets

Based on the aforementioned data, we sought to identify cells
with PDX1* and ALK3* co-expression in human pancreatic tis-
sue sections (n = 6 donors). In addition to the PDX1*/hormone™*
cells within the islet, PDX1*/hormone™ cells are abundant in
the exocrine compartment of human pancreatic tissues (Figures
2A and S1A). Two populations of non-endocrine PDX1" cells
could be identified: one in ducts of all types, including large/ma-
jor (main pancreatic duct and interlobular ducts, characterized
by columnar epithelium and fibromuscular stroma) as well as
small/minor (terminal ductules, squamous intercalated ducts,
intralobular ducts, and interlobular ducts of small diameter,
featuring flattened cuboidal epithelium and little or no surround-
ing stroma); and the second population in PDGs (pockets of
epithelial cells embedded into the stroma of the MPDs) (Figures
S1Aand S1B). MUCIN 6 (MUCS6), a glycoprotein previously asso-
ciated with exocrine PDX1* cells by our team (Wang et al., 2013),
is highly expressed in PDGs and can thus be used to distinguish
the two populations (Figures S1B and S1C). To further charac-
terize extrainsular PDX1* populations, we also examined SOX9
expression. This is a transcription factor expressed by multipo-
tent PDX1* pancreatic progenitors and by ductal cells in the
mouse (Furuyama et al., 2011). In human pancreatic samples,
nuclear SOX9 was detected in most ductal cells (Figures 2B
and 2C) and some PDG cells (Figure 2H). However, while nuclear
SOX9 and PDX1 co-localized regularly in the cells of small ducts
(Figures 2B and 2C), their expression was often observed at a
very low level for one if the other was present both in PDGs
(Figure 2H) and MPDs (Figure S1D).

We found ALK3 to co-localize with many extrainsular PDX1*
cells (Figures 2C-2G, S1, and S2). In contrast, PDX1-expressing
cells within the islets were ALK3™ (Figures 2C and 2G). Fluores-
cence-activated cell sorting (FACS) analysis of human pancre-
atic samples further confirmed that ALK3" and insulin* cells
are two independent populations (Figure S3).

Extrainsular PDX1*/ALK3™ cells were abundant both in ducts
and in PDGs. We found two distinct subpopulations of PDX1*/
ALK3* cells: PDX1*/ALK3"™ cells were widely distributed
throughout all the minor ducts, where they almost invariably

(G) A microphotograph showing the two distinct subpopulations of ALK3* cells
in the human pancreas. 1-4: ALK3 (red), CAll (green), PDX1 (gray), and DAPI
(blue), respectively. 5: channel merge. Cells in major ducts are ALK3Priht,
whereas those in minor ducts are ALK39™*,

(H) PDX1/SOX9 staining in ALK3* epithelial cells within PDGs is heteroge-
neous, in contrast with the homogeneous pattern observed in small ducts
shown in (C). There were PDX1°9"*/SOX9%™* and PDX1%m+/SOXgP it
cells, as indicated by arrows.

(I) Quantification of ALK3 expression in the epithelium of the MPDs, PDGs, and
intercalated ducts. The mean fluorescence intensity (MFl) is reported as mean +
SD (n = 3 samples). Differences were significant among all groups (p < 0.05).
Cells in the epithelial lining of the MPDs express ALK3 at the highest level.
Nuclear counterstaining for all panels: DAPI, indicated in blue in (A), (F), and (G)
and indicated in white in (B)—(E) and (H). Scale bars: 100 um in (A)-(D) and (G);
and 50 pum in (E), (F), and (H). n = 6 biological replicates. In (A)-(E) and (H),
standard fluorescence microscopy was used; in (F) and (G), confocal micro-
scopy was used. *p < 0.05.



(>98%) co-localized with the pan-ductal marker CAIll (Inada
et al., 2008) (Figures 2F, 2G, and S2). PDX1*/ALK3P 9t celis,
in contrast, were relatively more abundant in the MPDs and, to
a lesser extent, in PDGs. These cells were often negative for
CAll (Figures 2D, 2E, 21, and S2). PDX1*/ALK3P"9"/CAIl~ cells
were also generally positive for the ductal markers CK19 (Fig-
ure S1E) and SOX9, although in the latter case, we often found
SOX9P9ht* and SOX9Y™* cells (Figure S1F).

In summary, the histological analysis of the cells co-express-
ing PDX1 and ALKS3 indicates that they reside in ducts and
PDGs, but notinislets. Importantly, not all ductal cells expressed
CAll. We found populations of PDX1*/ALK3* cells in the epithe-
lium of the MPDs (as well as in some PDGs and, more rarely, in
smaller ducts) in which CAll and ALK3 are mutually exclusive.
PDX1*/ALK3*/CAII~ cells within the MPD are also characterized
by the strongest ALK3 signal (ALK3°9"*) detected across the
organ (Figure 2I). These observations are aligned with our pub-
lished lineage-tracing data (Klein et al., 2015), which exclude
CAll-expressing cells as a major source of B-like cells upon
BMP-7 stimulation.

PDX1*/ALK3"""9"* Cells Can Be Sorted and Cultured in
Defined Conditions and Show BMP-7 Responsiveness
The sorting and culture of PDX1*/ALK3" cells would afford us the
possibility of studying them without the confounding effects of all
other cell types present in hNEPT. For instance, the observation
of AMY* or CA19.9* clusters that lack the EGFP tag when ALK3
is lineage traced (Figures 1D and 1E) would suggest that these
cells are carried over in hNEPT and not arising as a result of
BMP-7 stimulation of progenitors.

ALKS3 is a surface receptor and, as such, may be used for
sorting. However, PDX1 is typically nuclear. In order to define
surrogate surface markers for PDX1, we interrogated a pub-
lished dataset with the transcriptome of the major human
pancreatic populations (Dorrell et al., 2011). Gene set enrich-
ment analysis was applied on a matrix of expression data ob-
tained from the datasets E-MTAB-463 and -465 (Dorrell et al.,
2011). The PDX1 expression profile was used as continuous
phenotype labels, and the Pearson’s correlation was used as
the metric to select which genes showed concordant or opposite
expression patterns with PDX1. PDX1 was found to be strongly
associated with P2RY1, a purinergic receptor. Indeed, P2RY1
was found to be co-expressed with PDX1 (both in ducts and
islets) in the human pancreas (Figure 3A).

Individually, neither P2RY1 nor ALK3 is a selective marker for
BMP-7-responsive cells. However, we hypothesized that double
sorting with the two markers would enrich for progenitor-like
cells while excluding mature f cells. We tested this hypothesis
on freshly isolated hNEPT (n = 3 preparations). Representative
results are shown in Figure 3B. One of the three cell subpopula-
tions identified in a forward/side scatter (corresponding to ~21%
of the population according to the gating performed) is 81% en-
riched in ALK3*/P2RY1" cells (Figure 3B, left). Moreover, in addi-
tional experiments, we found that P2RY1 sorting alone results in
a significant enrichment (>73%) in cells that are both ALK3" and
PDX1* (Figure 3B, right). Therefore, sorting by ALK3*/P2YR1*
ensures the isolation of most ALK3*/PDX1* cells (Figures S4A-
S4D). It is important to reiterate that ALK3 sorting alone specif-

ically excludes insulin* cells, as shown in Figure S3. Therefore,
no residual B cells are present in the sorted population. Of
note, as no surrogate surface markers for CAll have been identi-
fied yet, we could not sort live P2RY1*/ALK3*/CAIl~ cells for
further study. However, we circumvented this limitation by gating
on the ALK3P"9"™* fraction. Once the ALK3* population is
gated away from the isotype control, two discrete populations
(ALK39™* and ALK3PM9"") can be observed (Figures 3B and
3C), with a 7.4-fold difference in mean fluorescence intensity
(MFI) between them. As shown in Figure 3D, ALK3Prioht+/
P2RY1* cells are enriched in their corresponding mRNAs after
sorting when compared to the ALK37/P2RY1™ fraction. Gating
on the ALK3P"9"™* cells (Figure 3B) excludes more than 90% of
CAIl* small ductal cells (ALK3%™) (Figures 2, S2, and S4G).
Moreover, following treatment with BMP-7, the ALK3P"9"*/CAIl~
fraction exhibited a ~2-fold (when gating on PDX1*) or ~4-fold
(when gating on P2RY1%) increase in SMAD1/5/9 phosphoryla-
tion (Figures S4J and S4L). In contrast, the ALK3P"9"/CAIl*
fraction had no meaningful SMAD1/5/9 phosphorylation
response to BMP-7, whether gating for PDX1 (Figure S4K) or
P2RY1 (Figure S4M). In summary: (1) P2RY1 is an effective sur-
rogate surface marker for PDX1; (2) only CAIl™ cells are respon-
sive to BMP-7; and (3) sorting for ALK3""9"* cells effectively ex-
cludes most CAIl* cells. Based on the aforementioned data, we
hypothesized that BMP-7-responsive progenitor-like cells within
the human pancreas have a P2RY1*/ALK3""9"* phenotype.

FACS analysis of n = 3 hNEPTs shows that 9.9 + 0.2% of the
cells have a PDX1*/P2RY1*/ALK3""9"™* phenotype. However, it
is important to consider that the rigors of isolation already enrich
for ductal cells at the expense of acinar cells. We have reported
that only ~35% of the cells in hNEPT are acinar, when this per-
centage is much higher (>80%) in the native pancreas (Klein
et al., 2015). Therefore, the aforementioned percentage is prob-
ably higher than that in the native organ.

We next sorted P2RY1*/ALK3P"9"* celis for further study. The
culture and differentiation strategy is outlined in Figure 4A. Since
the viability of cells sorted from fresh hNEPT is very low (1%-5%;
data not shown), cells were allowed to attach for 48 hr in starting
medium and then were placed in STEMPRO medium for an addi-
tional 72 hr prior to sorting. FACS analysis of hNEPT plated for
48 hr indicates that the relative percentage of PDX1*/P2RY1*/
ALK3P9"* remained unchanged versus that determined for
fresh tissue (10.2 = 0.4%, n = 3 preparations). 72 hr later, at sort-
ing, 4.6 + 5.2% of the live cells were PDX1*/P2RY1*/ALK3P"9"*
(n = 12 hNEPT preparations; Figure S5F).

Sorted primary pancreatic cells are difficult to culture, but
plating P2RY1*/ALK3P"9"* cells either atop or embedded in
mitomycin C-inactivated human fibroblasts results in the forma-
tion of flat colonies or three-dimensional duct-like structures,
respectively (Figure 4B, 1 and 2). To perform a thorough charac-
terization of these cells in the absence of other confounding pop-
ulations, we conducted a three-pronged optimization of culture
conditions (n = 11 preparations). First, we screened 36 extracel-
lular matrix combinations for optimal sorted P2RY1*/ALK3Pront*
cell attachment. As shown in Figure S5, a 1:1 mix of collagen |
and fibronectin resulted in maximal attachment. Second, we
screened defined medium formulations specifically designed
for stem cells, among which STEMPRO hESC-SFM (Thermo
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Figure 3. P2RY1 Is a Surrogate Surface
Marker for PDX1

Expression of the P2RY1 surface marker was
predicted by bioinformatics to co-localize with that
of PDX1 in human pancreatic samples.

(A) Left: from left to right, PDX1 (red), P2RY1
(green), and merged (DAPI, blue). A magnified
detail is shown in the inset. Scale bar: 50 um. Right:
P2RY1 stains both PDX1* ducts and islet B cells,
but not a cells. From top left, clockwise: PDX1
(gray), glucagon (green), P2RY1 (red), and merged
channels. Scale bar: 50 um.

(B) ALK3/P2RY1 FACS analysis of hNEPT. A for-
ward/side scatter of hNEPT shows three distinct

B » subpopulations identified in a forward/side scatter
- - _— L . :2RY1 negalt:;; o Pm:;yi:‘:’e (1-3). Population no. 3 corresponds to ~21% of
L ‘&g »] !l borv1. 47 32% - 278 : - 0 | W the total population and is 8.1 % enriched in ALKS*/
o P 2. # x S é‘,g@se—' X ; P2RY1* cells. P2RY1 sorting alone results in a
] E;?%; =z, o ? - o & significant enrichment (>73%) in cells that are both
) R i}" | 171 Wesiosos|  (7.3% o ALK3* and PDX1*. Insets in the last panel show the
— 5 st ‘ e I e percentage of cells with ALK3®9"* (51.3%, red)
RSEA i ALKS G and ALK39™* (22.2%, green) phenotypes.
(C) Mean fluorescence intensity (MFI) of the two
c populations (ALK39™" and ALK3P"9"*) detected
~ 100 by FACS analysis of hNEPT preparations. A third
< A D fraction (ALK3'°%) is usually considered negative,
§’ 80 A e ALK3=/P2RY1— e ALK3—/P2RY1- owing to its very low detection threshold. MFI of
< 60 = ALK3Pright/P2RY 1+ = ALK3Pright/P2RY1+  each fraction is shown in the y axis (error bars
i 40 - I indicate SE).
2 2 0.0025 2 (D) ALK3P9"t+/PoRY1* cells are enriched in
@ 20 ] - o their corresponding mRNAs after sorting when
% = g 00020 § exi0t ) compared to the ALK3 /P2RY1~ fraction, as
] 0.60 3 00015] _*_ § determined by qRT-PCR. Gene expression (y axis)
E 0.55 °® % - % 4x10+4 is measured as 2~“°Y *p < 0.05.
E ’ | @ 0.0010 % @ In (A): n = 4 biological replicates; in (B)-(C): n = 3
2 050 : : ALK3:‘:+ & 0.0005 = & 2x10* = biological replicates; in (D): n = 3 biological
o ALK3 Y ® replicates. Confocal microscopy was used in the
% 0.45 A ALK3Pright+ | L acquisition of all these images.
i ALK3 P2RY1

Fisher Scientific, Waltham, MA, USA) turned out to be the most
effective at sustaining the attachment and growth of P2RY1*/
ALK3Pri9ht* cells. Finally, based on earlier reports (Prasad et al.,
2009) and our own experience on the influence of oxygen partial
pressure (pO,) in pancreatic progenitor cell proliferation and dif-
ferentiation (Cechin et al., 2014; Fraker et al., 2007, 2009), we
used low pO, (8% O, concentration) to favor their expansion
in an undifferentiated state (Figure S5D).

Using a combination of the aforementioned conditions (n = 5
preparations), colonies from sorted P2RY1*/ALK3P9M* cells
could be readily grown, even in the absence of BMP-7 (Fig-
ure 4B, 3). The P2RY17/ALK3™ fraction, in contrast, grew as a
mesenchymal-like monolayer (Figure 4B, 4). When exposed to
BMP-7 (100 ng/mL), colonies from P2RY1*/ALK3®SM* sorted
cells expanded in size versus non-treated colonies (Figure 4B,
5 and 6; Figure S5G). A 2.4-fold increase in the mitotic index of
BMP-7-treated cells was observed versus that of untreated cul-
tures (Figure S5G). Regardless of BMP-7 exposure, colonies
almost uniformly expressed PDX1 (Figure 4B, 7) and NKX6.1
(Figure 4B, 8), widely accepted markers of pancreatic progeni-
tors (Rezania et al., 2013). Neither C-peptide (Figure 4C) nor
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glucagon (data not shown) were readily detected during this
BMP-7-induced expansion phase, although some CA19.9*
ductal cells could be observed in the periphery (data not shown).
Following a 10- to 14-day period of exposure to BMP-7 (Fig-
ure 4A), cultures were placed in differentiation medium without
BMP-7 (Cechin et al., 2014; Russ et al., 2015). We have previ-
ously reported that BMP-7 withdrawal induces maturation of
BMP-7-induced progenitor-like cells within whole hNEPT into
endocrine cells (Klein et al., 2015). BMP-7-treated P2RY1*/
ALK3P9M* cells differentiated into C-peptide-expressing cells
in the same manner, as shown by immunofluorescence analysis
5 days after BMP-7 withdrawal (Figure 4C). We could also detect
the expression of glucagon and, in some colonies, the ductal and
acinar markers CA19.9 and amylase (Figure 4C). Imaging quan-
tification (n = 4 preparations) shows that 12.5 + 4.6% of the cells
were PDX1*/NKX6.1*/C-peptide* (B-like cells). An additional
7.2 + 4.5% were PDX1*/NKX6.1" but negative for C-peptide
(likely progenitor cells). Finally, 12.4 + 3.5% were PDX1* but
negative for both NKX6.1 and C-peptide (possibly mature ductal
cells). Out of all PDX1* cells, 39.5 + 14.1% were also NKX6.1"/
C-peptide* (B-like cells), 22.3 + 14% were also NKX6.1" but
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Figure 4. Culture, Expansion and Differentiation of P2RY1*/ALK3""9"t* Cells

(A) hNEPT are obtained as the by-product of islet isolation. After 5 days in culture in low-oxygen conditions (48 hr in starting medium, S.M., and 72 hr in
STEMPRO), P2RY1/ALKS3 (bright fraction) live-cell sorting is performed on the attached cells (collection point 1). Sorted cells are then re-plated in low oxygen
(48 hr in S.M. and then STEMPRO for the remainder of this stage) and cultured with BMP-7 for 10-14 days, a period during which colonies form and expand.
Collection point 2 is at the end of this stage. In a third phase, BMP-7 is removed, and cells are cultured in differentiation medium for an additional 5 days at 21%
oxygen. Collection point 3 is at the end of this stage.

(B) P2RY1*/ALK3P"9"* cells grow both atop (1) and embedded in (2) fibroblast feeder layers. In the latter case, three-dimensional ductal-like structures are often
observed. Using a 1:1 collagen I/fibronectin matrix and low-oxygen concentration, P2RY1*/ALK3""9"* cells form colonies of small cells with well-defined edges
(3). In contrast, the negative fraction (P2RY1 /ALK3™ cells) grows as a mesenchymal-like monolayer (4). In the absence of BMP-7, colonies from P2RY1*/
ALK3P"9" cells form but grow slowly (5). BMP-7 administration, however, induces sustained colony growth. Panels 5 and 6 show cultures of P2RY1*/ALK3P9M+
cell-derived colonies without or with BMP-7, respectively, at the same time point (day 10 after sorting). Regardless of whether BMP-7 is supplemented, P2RY1*/
ALK3P19" cell-derived colonies exhibit an IF signal for PDX1 (7) and NKX6.1 (8). Shown in the pictures are BMP-7-treated colonies at day 10 after sorting. Inset in
(7) shows PDX1 staining (green) and DAPI (blue) IF of P2RY1*/ALK3""9" cell-derived colonies at day 2 after sorting. Scale bars: 100 uM for 1, 5, 6, and 7-inset; and
50 uM for 2, 3, 4, 7, and 8.

(legend continued on next page)
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C-peptide™ (likely progenitors), and 38.1 + 3.3% were negative
for both NKX6.1 and C-peptide (probably ductal).

As previously reported on whole hNEPT (Klein et al., 2015),
colonies often exhibit a PDX1* core surrounded by differentiated
cell types (Figure 4C), suggesting an active process of multiline-
age differentiation from PDX1-expressing progenitor cells.

gRT-PCR analysis confirmed that BMP-7 exposure of
P2RY1*/ALK3P9"* cells (Figure 4D, green data points) results
in an upregulation of pancreatic progenitor genes versus
sorted/untreated cells, whereas its withdrawal (Figure 4D, red
data points) leads to an increase in the expression of endocrine
differentiation markers. In contrast, the P2RY17/ALK3™ fraction
does not respond to BMP-7. Similarly, when separating ALK3*
and ALK3™ cells using ALK3-conjugated magnetic beads, only
the former show BMP-7 responsiveness and C-peptide produc-
tion (data not shown). An analysis of n = 3 additional preparations
indicates that differentiated cells respond to glucose stimulation
in a physiological manner (average stimulation index = 3.4 +
0.4), with an average maximum C-peptide secretion of 1.7 +
0.1 ng/pg of DNA at 16.7 mM of glucose (Figure 4E).

Taken together, our data suggest that sorted P2RY1*/
ALK3Pr9ht* cells have pancreatic progenitor-like characteristics
and respond to sequential BMP-7 addition and withdrawal by
proliferating and differentiating, respectively.

RNA-Seq Analysis Suggests Upregulation and
Maintenance of Progenitor/Cell-Cycling Genes after
BMP-7 Exposure and a Transition toward a
Differentiated State upon Its Withdrawal

Next, we set out to explore the cellular transcriptome of sorted
P2RY1*/ALK3P9"* cells (the sorted progenitor cell group), as
well as P2RY1*/ALK3P"9"* celis after 10-14 days of BMP-7 treat-
ment (the BMP-7-expanded group), and P2RY1*/ALK3Priont+
cells after BMP-7 withdrawal and induction of differentiation
(the differentiated group) (n = 3 preparations for each). Human
isolated islets (n = 3 donor preparations) were also analyzed as
a positive control for all pancreatic differentiated lineages. This
is because islet preparations are typically ~60% pure and nearly
always include a substantial percentage of acinar and ductal cells
(Balamurugan et al., 2014). We conducted RNA-seq of the 4 pop-
ulations as detailed in the Experimental Procedures. Figure 5
shows a heatmap of the top 10,000 most abundant homologous
coding genes. Hierarchical clustering of the 4 sub-populations
indicates that the differentiated cells are transcriptionally closer
to islets than sorted progenitors and BMP-7-expanded cells
(Figure 5A). The top 50 differentially expressed genes across all
4 populations are shown in Figure 5B.

Since BMP-7 is known to inhibit the TGF-f signaling cascade
(Zeisberg et al., 2003), it was not unexpected to see that expres-
sion of the TGF-B inhibitors SMURF1 and SMURF2 was high in
the sorted progenitors, and even more elevated after BMP-7
treatment, but that it dropped in differentiated cells and islets
(Figure 5C). BMP-7 also upregulated all the inhibitor of DNA
binding/differentiation (ID) proteins (Figure 5C). High levels of
ID1-ID4 are found in progenitor cells, where they sequester
basic helix-loop-helix (bHLH) transcription factors, thus leading
to the inhibition of lineage-specific and cell-cycle-inhibitory
genes (Lasorella et al., 2014). In fact, at least one BMP family
member (BMP-4) regulates pancreatic progenitor cell expansion
in mice through ID2 (Hua et al., 2006). All IDs are downregulated
after BMP-7 withdrawal and differentiation (Figure 5C). Interest-
ingly, both BMP-4 and BMP-2, unlike BMP-7, are expressed in
sorted P2RY1*/ALK3P"9"* progenitors. This suggests that these
two BMPs may be involved in the ID-mediated maintenance
of progenitor identity through an autocrine process, as reported
in numerous biological examples (Martinez et al., 2014; Yo-
koyama et al., 2017). However, upon BMP-7 addition, both
BMP-2 and -4 are downregulated (Figure 5C) as BMP-7 takes
over (and increases) ID upregulation. One potential candidate
to explain this downregulation is Gremlin-1 (Grem1), a TGF- in-
hibitor known to predominantly antagonize BMP-2 and BMP-4
(Church et al., 2015). Grem1 is among the top 100 differentially
expressed genes throughout the 4 populations (high in progeni-
tors, low in differentiated cells/islets) and is strongly upregulated
in PANC-1 cells 1 hr after addition of an ALK3 agonist as
detected by auto-western capillary immunoblotting (data not
shown).

The differentiated cells had also higher overall level of expres-
sion of endocrine, ductal, and acinar markers than the BMP-7-
expanded ones (Figure 5D), providing additional confirmation
of the multilineage differentiation potential. Differentiated cells
also clustered closer to islets than both P2RY1*/ALK3Priht
and BMP-7-treated P2RY1%/ALK3®"9"* cells for endocrine,
acinar, and ductal (Figure 5D) genes. As previously observed
by gRT-PCR (Figure 4D), the BMP-7-mediated expansion phase
was characterized by an overall downregulation of differentiation
markers.

BMPs have a well-documented role in proliferation, as we
have reported. To further investigate it, we analyzed 95 genes
involved in cell-cycle progression (KEGG: hsa04110). As shown
in Figure S6, we found similar expression signatures for P2RY1*/
ALK3®9"* cells and BMP-7-treated P2RY1*/ALK3°™9"* cells,
suggesting that the former are proliferation ready and that
BMP-7 “locks in” that program. However, both islets and

(C) During the expansion (top left, green bar), colonies exhibit PDX1 (red) but not C-peptide (white) IF signal. In contrast, after BMP-7 withdrawal and differ-
entiation (top right, red bar), C-peptide signal is detected in many PDX1* structures. The middle left panel shows a representative C-peptide* colony with nuclear
PDX1 and NKX6.1 signal. The middle right panel shows glucagon® cells, and the bottom panel the different channels of a colony displaying ductal (CA19.9 signal,
light gray) and acinar (amylase, red) cells with a PDX1* core that remains largely undifferentiated (white dotted lines). Scale bars: 50 um.

(D) gRT-PCR of representative pancreatic endocrine markers at sorting (black data points), at the end of the BMP-7-mediated expansion phase (green data
points) and following differentiation (red data points). y axis: 2~“Y values against 18S. Error bars indicate SD. *p < 0.05; **p < 0.01; ***p < 0.005.

(E) Glucose-stimulated C-peptide release of differentiated cells (n = 3 preparations) at 3 mM (first low), 16.7 mM (high), 3 mM (second low), and 25 mM
KCl-induced depolarization. y axis: nanograms of C-peptide/micrograms of DNA. Error bars indicate SE. *p < 0.05; **p < 0.01; ***p < 0.005.

In (B): n =5 biological replicates; in (C): n = 4 biological replicates; in (D) and (E): n = 3 biological replicates. In (B): 1-6, brightfield microscopy was used; in 7 and 8,
confocal microscopy was used. In (C), standard fluorescence microscopy was used.
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P2RY1%/ALK3P9"* cells that were differentiated following
BMP-7 withdrawal cluster together at the other end of the spec-
trum, showing a globally lower degree of expression of genes
implicated in cell division. This was further confirmed when we
specifically investigated the expression profile of genes involved
in G1-to-S phase transition (Figure 6A) as well as those either
implicated in S-to-G2 phase transition (Figure 6B) or relevant
to the spindle assembly checkpoint transition (Figure 6C). In
all these cases, P2RY1*/ALK3P""* cells and BMP-7-treated
P2RY1*/ALK3P9"* cells had generally higher expression levels
of cell-cycle progression genes than both the differentiated
group and islets.

We then focused on P2RY1*/ALK3P9"* cells following the
addition and subsequent withdrawal of BMP-7. We interrogated
our RNA sequence dataset for genes whose expression may
counter proliferation (i.e., decrease with BMP-7) but induce dif-
ferentiation (i.e., increase after BMP-7 withdrawal). Figure 6D
shows the top 40 genes that follow this pattern while exhibiting
an RPKM fold change of <1 for BMP-7-treated (expanded)
versus untreated (non-stimulated P2RY1*/ALK3P"9M* pro-
genitor) cells and >1 for differentiated versus untreated (non-
stimulated progenitor) cells. Interestingly, 11 of the 13 protein-
coding mitochondrial genes (and all 13 using less restrictive
criteria; see Figure 6E) are in this 40-gene list. Since all mitochon-
drial protein-encoding genes are involved in oxidative phosphor-
ylation (Taanman, 1999), our observation is consistent with the
well-described notion that there is a switch from glycolysis to
oxidative phosphorylation in the transit from progenitor cells to
mature pancreatic (and especially B; Conget et al., 1997) cell
types (Xu et al., 2013). Also on that list are CPA1 (carboxypepti-
dase-1, a marker of both acinar cells and multipotent pancreatic
progenitors) (Pagliuca and Melton, 2013), several regenerating
proteins (Reg1a, Reg1b, and Reg3a, linked to islet regeneration)
(Parikh et al., 2012), and GSTA1-2 (MAFA-regulated genes
involved in reducing B cell stress) (Matsuoka et al., 2015). Gene
Ontology (GO) analysis (Figure 6F; Table S1) further confirms
that, compared to unstimulated cells, BMP-7-treated P2RY1*/
ALK3P9M* cells (expanded) exhibit an overall enrichment of
gene expression in pathways such as Notch receptor processing
(associated with the maintenance of cycling status in pancreatic
progenitors) (Apelqvist et al., 1999), stem cell proliferation, pos-
itive regulation of cell division, and BMP signaling (Figure 6F,
left). Conversely, P2RY1*/ALK3P9"* cells differentiated upon
BMP-7 withdrawal show enrichment in 8 cell function pathways
(including insulin secretion) and mitochondrial oxidative phos-
phorylation, as well as a global negative regulation of prolifera-
tion (Figure 6F, right).

Taken together, our data further confirm the notion that
BMP-7 engages the cell division-ready phenotype of P2RY1*/

ALK3Pr9"* cells and that BMP-7 withdrawal induces cell-cycle
arrest and multilineage differentiation.

DISCUSSION

We present an in-depth characterization of progenitor-like cells
previously identified by our team within the human exocrine
pancreas (Klein et al., 2015). Their responsiveness to BMP-7
led us to the identification of ALK3 as a key mediator of the
activation of the canonical BMP pathway. The validation of
P2RY1 as a surrogate surface marker for PDX1 has allowed
us to use antibodies against these two markers to sort pro-
genitor cells with a high degree of accuracy. Indeed, we
show that only P2RY1*/ALK3P"9"* nopulations respond to
the administration and subsequent withdrawal of BMP-7 by
proliferating first and then differentiating. The negative fractions
are unresponsive.

While ductal cells have long been associated with pancreatic
regeneration, the use of mature ductal markers for the isolation
of duct-residing progenitor cells may have confounded the
interpretation of earlier data. Such is the case of CAll, a protein
used by ductal cells to produce bicarbonate and, thus, inacti-
vate digestive enzymes until they complete their transit to the
duodenum (Hegyi et al., 2011). Despite its terminal differentia-
tion marker credentials, CAll has been extensively used to
isolate putative progenitors (Bonner-Weir et al., 2008; Inada
et al., 2008). Several lines of evidence align with our conclusion
that true progenitors may be CAIl": (1) first, that these cells exist
in the first place. To our knowledge, cells that are negative for
CAll (@ marker widely considered to be pan-ductal; Inada
et al., 2006) have not been described in the ductal tree. The
notion that ductal progenitors are CAll~ would be consistent
with the general principle that progenitor cells rarely express
terminal differentiation markers; (2) the concurrent observation
that a large proportion of such CAIll™ cells also happen to
have the highest expression of ALK3 throughout the pancreas;
(3) their residence in MPDs and PDGs, locations long suspected
to harbor progenitor cells, as found in studies published by our
team (Carpino et al., 2016; Wang et al., 2013) and others (Yama-
guchi et al., 2015); and (4) our earlier lineage-tracing results
excluding CAIlI* cells as the origin of new B cells following
BMP-7 stimulation (Klein et al., 2015). Our immunofluorescence
(IF) data strongly suggests that sorting for ALK3P"9"** cells (the
only fraction with progenitor-like characteristics) excludes most
CAIl* cells, which are typically ALK39™* and found in smaller
ducts.

It is important to stress that ALK3 is not expressed in f cells in
any meaningful manner. While low expression of ALK3 tran-
scripts has been reported in o and B cells (Dorrell et al., 2011),

Figure 5. RNA-Seq of P2RY1*/ALK3""9"* Cells at Sorting and after Treatment with and Subsequent Removal of BMP-7
(A) Hierarchical clustering for the top 10,000 most abundant genes ranked based on highest SD across all 4 cell types (sorted P2RY1*/ALK3P"9", BMP-7-treated
P2RY1*/ALK3®9" differentiated P2RY1*/ALK3""9" cells, and human isolated islets). Heatmap colors correspond to standardized log, expression values.

(B) Top 50 differentially expressed genes across all cell populations.

(C) Addition of BMP-7 induces downregulation of the TGF-p pathway through SMURF1 and SMURF2, suppresses BMP-2 and BMP-4, and elevates the

expression of ID proteins 1-4.

(D) Analysis of gene expression of endocrine, acinar, and ductal panels. Ward linkages above each panel show closer proximity of differentiated cells to islet

controls for all three lineages. n = 3 biological replicates.
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Figure 6. Analysis of BMP-7-Elicited Cell
Replication and Differentiation Induced
following BMP-7 Withdrawal

(A-C) Key regulators of cell-cycle progression
shown with their standardized log, expression
values across all four cell types. BMP-7 induces an
upregulation of replication genes at all stages
of cell division. In contrast, BMP-7 withdrawal
(differentiation) leads to the overall downregulation
of the replicative machinery.

(A) High cyclin D, CDK4, and CDK® transcription is
needed during the G1-to-S transition.

(B) Genes involved in the pre-replication
Cdc45-Mcm2-7.CDC6 complex are recruited to
the hetero-hexameric origin recognition complex
(ORC2-6) and function as a replicative helicase
unwinding pre-replicative DNA.

(C) The spindle assembly checkpoint is sup-
pressed by the ANAPC1-CDC20 (APC/C) com-
plex, allowing the G2-M transition (anaphase).
Genes were chosen based on the KEGG Orthology
reference hierarchy (KEGG: ko04110) and KEGG
pathway entry (KEGG: map04110).

(D) BMP7-mediated gene expression down-
regulation is inverted in differentiated cells. Fold
changes in RPKM are shown for BMP7 treated
versus P2RY1*/ALK3P"9"* cells (blue) and differ-
entiated versus P2RY1*/ALK3®9"* (red). The
chart shows the top 40 coding genes with a fold
change > 1 for the first comparison (blue bars)
and >1.2 for the second (red bars). Only genes
with a false discovery rate (FDR) <10% were
considered.

(E) Heatmap showing gene expression across the
three tissue types for mitochondrial protein-coding
genes. (n = 3 biological replicates).

(F) Gene ontology (GO) analysis of P2RY1*/
ALK3®"9" cells treated with BMP-7 versus sorted
P2RY1*/ALK3°9" cells (left). GO analysis of differ-
entiated cells versus BMP-7-treated (expanded
progenitors) P2RY1*/ALK3P"9" cells (right).

n = 3 biological replicates.
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this study used microarray hybridization, and ALK3 expression
was not confirmed by RT-PCR. Likewise, in a recently published
study using RNA-seq single-cell transcriptomics, ALK3 tran-
scripts were detected only at very low levels (Li et al., 2016)
(nearly 3 orders of magnitude less than insulin; Segerstolpe
et al., 2016). Such difference was 20,000-fold in another report
(Nica et al., 2013). There are no studies showing ALK3 expres-
sion at the protein level, be it by western blot, proteomics, orim-
munostaining. In fact, ALK3 has not been detected in proteomic
analysis of either human (Zhang et al., 2017) or murine

(Waanders et al., 2009) isolated islets.
By sorting ALK3P9"* cells (the only
fraction that shows responsiveness to
BMP-7), we selectively exclude any resid-
ual B cells that may have been carried
over in the hNEPT. Combined with our IF
data that ALK3™ cells are never detected
in islets, these observations make us
confident that the progenitor-like cells described herein are
extrainsular.

Earlier work on hNEPT suggested the multilineage differentia-
tion potential of progenitor cells residing therein (Klein et al.,
2015). IF analysis of sorted and cultured P2RY1*/ALK3P1gnt+
cells shows that these cells differentiated along at least two of
the major endocrine lineages (B and «), as well as ductal
(CA19.9%) and acinar (amylase™) cells. We could not detect either
somatostatin or pancreatic polypeptide (PP)-expressing cells,
but their differentiation cannot be ruled out. RNA-seq data also
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suggest that the differentiated populations share gene expres-
sion profiles with both isolated islets as well as exocrine cells.
Interestingly, while lineage tracing shows some contribution of
ALK3-tagged cells to both acinar and ductal cells, it was almost
negligible compared to that observed for C-peptide and
glucagon. This may be due to the culture setting, where con-
founding cell types in hNEPT (but not in sorted P2RY1*/
ALK3P"9M* colonies) may partially block/promote specific differ-
entiation outcomes. Although lineage tracing is useful to provide
general, non-quantitative indications about the likely origin of
specific cell types, its limitations when used in vitro may also
contribute to explain the aforementioned findings. For instance,
it is conceivable that the bulk of acinar and ductal differentiation
may have already taken place at the onset of ALK3-Cre expres-
sion. This would also be consistent with our IF observation that
ductal/acinar differentiation preceded that of endocrine fates
and could be observed even during the BMP-7-mediated
expansion.

Of note, we could not detect the pro-endocrine factor NGN3
(Dominguez-Bendala et al., 2005) either in sorted P2RY1*/
ALK3P19Mt* cells (expanded or differentiated) or in human islet
preparations (which also contain a high percentage of acinar
and ductal cells). However, our knowledge of NGN3 function in
the pancreas is limited to embryonic development, and mostly
in the mouse. The notion that regenerative processes in the adult
pancreas must necessarily mimic those involved in its develop-
ment is not supported yet by experimental evidence and remains
only speculation.

Previous analyses on hNEPT showed that BMP-7 induced the
formation of cells with islet-like insulin content and glucose
responsiveness both in vitro and in vivo (Klein et al., 2015).
Despite the relatively low percentage of B-like cells (~12%) in
differentiated P2RY1*/ALK3P"9"™* colonies, we determined that
these cultures also respond to glucose stimulation. Given the
observation that all mitochondrial oxidative phosphorylation
genes are elevated upon differentiation, it would be interesting
to conduct follow-up studies on their oxygen consumption rates.

When studying hNEPT-sorted P2RY1*/ALK3P"9"* cells, we
observed great variability between preparations in their differen-
tiation output, with varying degrees of bias toward endocrine or
exocrine fates. Examples of the latter were the preparations
used for RNA-seq, where we observed a strong tendency toward
acinar differentiation (e.g., 82-fold in pancreatic lipase versus
BMP-7-expanded progenitors, 70-fold in carboxypeptidase
A1, 96-fold in Elas3a, etc.) but more modest increases in endo-
crine marker expression. We acknowledge that the B-like cells
generated in our study are not as competent as native f cells.
This observation was also probably compounded by the fact
that effective differentiation of pancreatic progenitors into
mature B cells remains a bottleneck in the field (Dominguez-
Bendala et al., 2016) and the lack of optimization in this particular
setting. It is important to emphasize that our study was aimed
at establishing proof of principle and not the generation of fully
functional, terminally differentiated cells.

The inconsistency in the ability of individual hNEPT prepara-
tions to yield colonies after P2RY1*/ALK3"9"* sorting, as well
as the variable differentiation profiles, may be due to multiple
reasons. While our methods adhere to strict operating proced-
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ures, factors such as donor age, sex, weight, and ischemia
time, as well as tissue digestion, may affect reproducibility.
The latter is of especial importance, since islet isolation requires
the pancreas to be cannulated through the main pancreatic duct.
The MPDs and adjacent structures, where we have found a
higher relative abundance of PDX1*/ALK3P""* cells, thus bear
the brunt of the enzymes used to dissociate the organ. Even
small variations in the process result in drastic differences in
yield and potency.

RNA-seq profiles show BMP-7-dependent engagement of the
canonical BMP pathway, ID protein upregulation, activation of
cell division, and inhibition of TGF-B—all hallmarks of BMP-
mediated progenitor cell stimulation. The profile of the top 50
differentially expressed genes between all four populations
also shows very low levels of expression of pancreatic differen-
tiation markers during the BMP-7 exposure (proliferation) phase,
followed by an upregulation upon BMP-7 withdrawal and differ-
entiation. Upregulated markers within the top 50 differentially ex-
pressed genes include insulin, somatostatin, pancreatic poly-
peptide (PPY), islet amyloid polypeptide, and chromogranins A
and B for the endocrine lineage, as well as an assortment of
acinar markers (amylases, Elas3a, phospholipase, colipase,
cholesterol esterase, etc.). As mentioned before, such acinar
markers are also highly expressed in the islet control (Balamuru-
gan et al., 2014). GO pathway analysis further confirms the pro-
liferative/progenitor nature of the P2RY1*/ALK3°9"* cells stim-
ulated by BMP-7, as well as the differentiation induced upon its
removal. RNA-seq analyses are always somewhat speculative,
but all the observed trends are consistent with our hypothesis.

While it may seem counterintuitive that P2RY1*/ALK3Prioht+
cells exhibit a “proliferation-ready” phenotype even before
BMP-7 is added, these cells have been growing in vitro for
5 days prior to RNA collection. The reason for this pre-culture
stage is that P2RY1*/ALK3®"9"* cells sorted from fresh tissue
have poor viability, which is inconsistent with the procurement
of good quality RNA. This necessary pre-culture step does not
change the “stemness” of the progenitors. Low oxygen, which
improves the attachment and yield of colonies in this pre-culture
stage, is known to induce proliferation (Ezashi et al., 2005; Pra-
sad et al., 2009), which may explain the observed proliferative
signature. At any rate, we cannot discard the hypothesis that
some of these cells may be dividing in the native organ, perhaps
in the context of normal tissue turnover. This has not been
studied yet.

Our studies cannot rule out the possibility that these cells may
have de-differentiated from ducts. However, if BMP-7 induced
the progenitor-like proliferation of de-differentiated ductal cells,
and these differentiated into multiple lineages after its removal,
the overall conclusions of our research would remain unchanged.

Our findings go well beyond the comprehensive characteriza-
tion of this progenitor cell population. The identification of their
anatomical niche will allow us to screen for their existence in
the exocrine pancreas of both type 2 and type 1 diabetes pa-
tients. Provided that these cells remain intact after the autoim-
mune destruction of B cells in type 1 diabetes, their responsive-
ness to BMP-7 (a Food and Drug Administration [FDA]-approved
agent) could be potentially used to restore B cell mass in situ in
the context of concomitant interventions to quell autoimmunity.



EXPERIMENTAL PROCEDURES

Culture of hNEPT and P2RY1*/ALK3""¢"** Cells

hNEPT was obtained as a by-product of human islet isolation. This program
has an IRB (institutional review board) exemption from the University of
Miami. Organs were obtained with appropriate consent. See Table S2 for
demographic information of all donors used in this study. Details on the culture
are described in the Supplemental Experimental Procedures.

Lineage Tracing, Sorting of P2RY1*/ALK3®"¢"* Cells, and Flow
Cytometry of hNEPT

hNEPT cells were plated with starting medium. Transduction was done with
equal amounts of lentiviral reporter and adenoviral ALK3-Cre constructs.
Additional details on this method, as well as on the sorting of P2RY1*/
ALK3P9"*cells and flow cytometry of hNEPT, are provided in the Supple-
mental Experimental Procedures.

RNA-Seq
Specific details on RNA isolation and quality control, library preparation, and
sequencing are provided in the Supplemental Experimental Procedures.

IF
Methods for IF are detailed in the Supplemental Experimental Procedures.

Glucose-Stimulated C-Peptide Release
These assays were performed as previously reported (Fraker et al., 2013), with
some modifications (see Supplemental Experimental Procedures).

Real-Time qPCR
Real-time qPCR was conducted as in Nieto et al. (2012).

Statistics

GraphPad Prism v5 was used for statistical analysis. Following the Shapiro-
Wilk normality test, statistical differences between groups were calculated
by two-tailed paired t test or Wilcoxon signed-rank test, with 95% confidence
intervals (“p < 0.05; **p < 0.01; ***p < 0.001). Results are expressed as mean +
SD. See the Supplemental Experimental Procedures for a statistical descrip-
tion of specific experiments.

DATA AND SOFTWARE AVAILABILITY

The accession number for the raw sequencing data and normalized data
reported in this paper is GEO: GSE104120.
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six figures, and three tables and can be found with this article online at
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