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See editorial on page 845.

BACKGROUND & AIMS: Pancreatic ducts form an intricate
network of tubules that secrete bicarbonate and drive acinar se-
cretions into the duodenum. This network is formed by cen-
troacinar cells, terminal, intercalated, intracalated ducts, and the
main pancreatic duct. Ductal heterogeneity at the single-cell level
has been poorly characterized; therefore, our understanding of the
role of ductal cells in pancreas regeneration and exocrine patho-
genesis has been hampered by the limited knowledge and unex-
plained diversity within the ductal network. METHODS: We used
single cell RNA sequencing to comprehensively characterize
mouse ductal heterogeneity at single-cell resolution of the entire
ductal epithelium from centroacinar cells to the main duct.
Moreover, we used organoid cultures, injury models, and
pancreatic tumor samples to interrogate the role of novel ductal

populations in pancreas regeneration and exocrine pathogenesis.
RESULTS: We have identified the coexistence of 15 ductal
populations within the healthy pancreas and characterized
their organoid formation capacity and endocrine differen-
tiation potential. Cluster isolation and subsequent culturing
let us identify ductal cell populations with high organoid
formation capacity and endocrine and exocrine differentia-
tion potential in vitro, including a Wnt-responsive popula-
tion, a ciliated population, and FIrt3* cells. Moreover, we
have characterized the location of these novel ductal pop-
ulations in healthy pancreas, chronic pancreatitis, and tu-
mor samples. The expression of Wnt-responsive, interferon-
responsive, and epithelial-to-mesenchymal transition popu-
lation markers increases in chronic pancreatitis and tumor
samples. CONCLUSIONS: In light of our discovery of previ-
ously unidentified ductal populations, we unmask potential
roles of specific ductal populations in pancreas regeneration
and exocrine pathogenesis. Thus, novel lineage-tracing
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models are needed to investigate ductal-specific populations
in vivo.

Keywords: Ductal Cells; scRNA-Seq; Organoids; Exocrine Pa-
thologies; Pancreas Regeneration.

P ancreatic ducts form an intricate network of tubules.
The first cells of the ductal epithelium touching the
acini are centroacinar cells (CACs), located at the tip of
terminal/intercalated ducts that will later join to form
larger intralobular ducts that fuse into interlobular ducts to
empty acinar secretions into the main duct. The main duct
merges with the common bile duct and opens into the du-
odenum through the duct of Wirsung." Ductal cells secrete
an alkaline mucus fluid rich in bicarbonate to neutralize the
stomach’s acidic chyme. Moreover, ductal cells play a key
role in the development of pancreatic exocrine pathologies,
such as cystic fibrosis, pancreatitis, and pancreatic ductal
adenocarcinoma (PDAC).! Notably, well-differentiated PDAC
carries the morphologic appearance of ductal structures
expressing ductal markers.” Thus, by histology alone, the
putative cell of origin was long thought to be ductal’
However, recent studies demonstrated that both acinar
and ductal cells can be transformed upon KRAS mutations.*

Tissue-resident progenitors have been studied in highly
proliferative and regenerative tissues, like the intestine,”
where progenitors comprise 5%-8% of the tissue.” However,
the pancreas has low proliferation rates and limited regener-
ation capacity; thus, the progenitor reservoir, if any, is likely
modest. Ductal cells, in the mammalian pancreas, have
attracted most of the attention as potential sources of new
cells for several reasons: (1) Several studies observed endo-
crine cells near to or embedded in the ducts during growth or
regeneration.”” (2) Ductal and endocrine cells share a com-
mon progenitor during development. Neurogenin3™ cells
within these progenitors delaminate and differentiate into
endocrine cells, while the remaining duct-like complexes
differentiate into mature ducts.” (3) Moreover, lineage tracing
of ductal cells in zebrafish demonstrated that they are pro-
genitors in adult tissue.'” Therefore, it stands to reason that
ductal cells may play a role in pancreas regeneration. However,
this is a highly controversial topic because several lineage
tracing studies using panductal markers showed no (-cell
neogenesis from ducts (reviewed by Afelik and Rovira'' and
Magenheim et al'?). (4) Finally, ductal cells acquire cellular
plasticity in vitro because they can uniquely form organoids,™
an ability solely displayed by adult progenitors."*

Although the ductal network is a complex system, it is
mostly seen as a homogeneous population, and little is
known about ductal heterogeneity in mammals and the
implications of different ductal populations in exocrine
pathogenesis and regeneration. Single-cell technologies now
allow the investigation of the transcriptome of individual
cells, dissecting tissue, and cell heterogeneity beyond what
was possible with bulk approaches. Importantly, ductal
pancreatic cells have been vastly underrepresented in
single-cell analysis for several reasons: (1) Most studies
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

A comprehensive characterization of mouse ductal
heterogeneity has been poorly characterized due to
technical limitations and isolation techniques.

NEW FINDINGS

We have characterized the entire ductal epithelium of the
mouse pancreas at single-cell resolution, identifying an
unforeseen level of heterogeneity, highlighting the
coexistence of 15 ductal populations, and investigated
their role in exocrine pathogenesis and pancreas
regeneration.

LIMITATIONS

Our results in organoid cultures, exocrine injury models,
and pancreatic cancer samples highlight the potential
role of novel ductal populations in regeneration and
exocrine pathogenesis. Still, novel animal models are
needed to further investigate our results in vivo.

CLINICAL RESEARCH RELEVANCE

The translation of our findings into human settings could
identify different ductal cells of origin of pancreatic
cancer and lead to novel stratification of PDAC patients
according to ductal markers that may affect prediction
outcomes and identify novel therapeutic targets.
Moreover, our results in endocrine differentiation in
organoid cultures could result in future cell replacement
therapies for diabetes treatment.

BASIC RESEARCH RELEVANCE

Our data lay the foundation for future studies to
investigate the role of novel ductal populations in
pancreas regeneration and exocrine pathogenesis in
novel mouse models in vivo.

have centered their interest in isolated islets, containing few
ducts.” (2) Digestive enzymes cause degradation of cells
and RNA. (3) Ducts represent ~10%" of the gland but are
refractory to disaggregation; thus, low heterogeneity has
been described.’®'” (4) Single nuclei RNA sequencing of
frozen human pancreas has circumvented digestive enzyme
activity,18 but, again, ducts are underrepresented.

Here, we investigated ductal heterogeneity of the entire
ductal network using a mouse transgenic line where GFP

* Authors share co-first authorship.

Abbreviations used in this paper: ADM, acinar-to-ductal metaplasia; CAC,
centroacinar cell; CP, chronic pancreatitis; EMT, epithelial-to-mesen-
chymal transition; FACS, fluorescence-activated cell sorting; HPC,
LSL-Kras®'?V;Trp5377721/+;Hinf1bCreERT2; 1AD, intracalated duct; IED,
intercalated duct; IFN, interferon; KPC, LSL-Kras®'??/*;LSL-Trp5371721/* ;pdx-
1-Cre; mRNA, messenger RNA; ns, not significant; PanIN, pancreatic intra-
epithelial neoplasia; PDAC, pancreatic ductal adenocarcinoma; PDG,
pancreatic ductal gland; gPCR, quantitative polymerase chain reaction;
scRNA, single cell RNA sequencing; SSC, side scatter; T1D, type 1 diabetes;
TD, terminal duct; UMAP, Uniform Manifold Approximation and Projection.
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expression is driven by Sox9 promoter, labeling all ductal
cells.'” We observed increased organoid formation capacity
in medium-big duct-derived organoids with lower Sox9
expression compared to small ducts. Moreover, the capacity
to give rise to endocrine progenitors as well as insulin-
producing and somatostatin-producing cells was signifi-
cantly higher in medium-big duct-derived organoids.
Furthermore, we have comprehensively characterized
mouse ductal heterogeneity at single-cell resolution, high-
lighting the coexistence of 15 ductal clusters. Importantly,
we have also identified surface markers, allowing the
isolation of several novel ductal populations, and assessed
their plasticity in functional studies in organoid cultures,
showing that ductal populations located in medium-big size
ducts have a higher progenitor capacity defined by organoid
formation efficiency and increased endocrine/exocrine dif-
ferentiation potential. Finally, we have characterized tissue
expression and localization of these previously unidentified
ductal populations in mouse adult pancreas, chronic
pancreatitis (CP), and mouse and human PDAC. Our results
suggest that populations located in medium-big ducts could
play a key role in exocrine pathogenesis and tumorigenesis.

Materials and Methods

Mice

Tg(Sox9-EGFP)EB209Gsat was obtained from the ]. Ferrer
laboratory. Experimental procedures on 8-16-week-old mice
were approved by the Animal Experimentation Ethics Committee
at the Instituto de Investigacion Biomédica de Bellvitge (IDIBELL)
(approval no. AR18009). Mice were housed at the IDIBELL animal
facility under specific pathogen-free conditions in accordance
with the institutional guidelines and ethical regulations. Geno-
typing primers are provided in Supplementary Table 1.

Chronic Pancreatitis

CP mice were housed under standardized specific pathogen-
free conditions, and experiments were approved by the Ethical
Committee for Animal Experiments of the Vrije Universiteit
Brussel and carried out according to the national guidelines on
animal experimentation. For CP induction, 8-12-week-old
C57BL/6 mice were treated with 125 ug/kg caerulein.”’ Further
details are provided in the Supplementary Methods.

Pancreatic Ductal Adenocarcinoma Models

Two mouse models of PDAC have been used in our studies.
First, Pdx-1-Cre mice were crossed with LSL-Trp53%72#/* and LSL-
Kras®™P/* mice to obtain LSL-Kras®?/*;LSL-Trp53%172H/+;px-1-
Cre (KPC), in accordance with institutional ethical guidelines and
approved by St. Vincent's Hospital Animal Ethics Committee, Syd-
ney, Australia (approval no. 16/02). The second mouse model was
used to trace ductal-derived tumors as previously published,** LSL-
Kras®2Y:Trp53/172H/% . Hnf1 bCreERT2 (HPC).

Human Pancreatic Ductal Adenocarcinoma
Samples

Human PDAC samples were collected from the Bellvitge
Hospital Biobank HUB-ICO-IDIBELL. The study included
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formalin-fixed, paraffin-embedded pancreatic cancer tissue
blocks selected from the Anatomopathology Department of
Bellvitge Hospital. Ethical consent was given by the Research
Ethics Committee at the Bellvitge Hospital (BB23-50).

Duct Isolation

Mouse pancreas digestion followed previously published
protocols®? with minor modifications. Whole ducts were hand-
picked and sorted by size under a fluorescent stereoscope.
Further details are provided in the Supplementary Methods.

Single-Cell Prep

Small, medium, and big ducts were digested with tryPLE
Express (Gibco) for 5 to 10 minutes at 37°C, with the digestion
mix vigorously shaken every 2-3 minutes. Purified single ductal
cells were resuspended in fluorescence-activated cell sorting
(FACS) Dbuffer. Further details are provided in the
Supplementary Methods.

Fluorescence-Activated Cell Sorting Analysis

For FACS analysis, antibody incubation was performed
following the manufacturer’s instructions (Supplementary Table 2
and Supplementary Methods). FACS was performed using a
Beckman Coulter High-Speed Cell Sorter Moflo-XDP. Flow-derived
data were analyzed using Kaluza 2.1 (Beckman Coulter, Inc).

Organoid Culture

Whole ducts or FACS-sorted ductal cells (GFP') were
embedded in Matrigel (Corning) at a density of 1000-5000 cells
in 24-well plates and cultured in pancreatic organoid expansion
media (Supplementary Table 2 and Supplementary Methods).

Endocrine Differentiation

Two days after organoid passage, organoid differentiation
was induced with endocrine differentiation medium
(Supplementary Table 2 and Supplementary Methods).

Immunostainings

Staining details are included in the Supplementary Methods.
Antibodies are shown in Supplementary Table 2. Confocal im-
ages were captured by a Leica TCS_SP5 Confocal. Epifluorescent
images were acquired on a Zeiss Axio Observer Z1 Apotome
inverted fluorescent microscope. Organoid brightfield images
were taken on a Leica Z16 APO stereomicroscope. Organoid sizes
were measured using Image]/FIJI (National Institutes of Health).
Quantification of marker expression was performed using
Imaris9.6 (Oxford Instruments). Multiplex immunofluorescence
methods using MACSima Imaging Cyclic Staining technology
(Miltenyi Biotec) are included in the Supplementary Methods.

RNA Isolation and Quantitative Polymerase Chain
Reaction

RNA isolation of primary cells or organoids was performed
following the manufacturer’s instructions using the RNeasy
Mini kit (Qiagen). Extracted RNA was DNAse treated and
reverse transcribed using the Roche Transcriptor First Strand
cDNA Synthesis kit. Quantitative polymerase chain reaction
(qPCR) samples were prepared with SYBR Green and marker-
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specific primers (Supplementary Table 1). qPCRs were run
using the Applied Biosystems 7900HT Real-Time PCR.

Sample Preparation for Single Cell RNA
Sequencing

Ten thousand Sox9:eGFP™ cells from each ductal fraction
were sorted from a pool of 3 male mice (8-12 weeks) in 2
independent experiments. Library preparation of 3’ messenger
RNA (mRNA) followed 10x Genomics manufacturing in-
structions. Sequencing was carried out as paired end (PE77)
using the NovaSeq6000 (Illumina).

Single Cell RNA Sequencing Analysis

Data quality control, filter, dimension reduction, clustering,
and differential expression analysis were performed with the
Seurat version 4.1.1 pipeline previously described.”* Briefly, cells
were filtered with nFeature_.RNA>200, nFeature_RNA<6000,
percent.mt<5, and nCount RNA<50,000. Sctransform was used
to normalize the data and regress out potential sample batch
effects. RunPCA, RunUMAP, FindNeighbors, and FindClusters
(resolution 0.6) were then sequentially applied to perform
dimension reduction and cell clustering. FindAllMarkers was then
called with min.pct=0.1 and logfc.threshold=0.25 to identify
markers for each clusters.

Statistical Analysis

Unless specified in the figure legends, all P values were
calculated using GraphPad Prism 10 (GraphPad Software LLC)
with the following significance: not significant (ns): P > .05; *P
< .05; **P < .01; ** P < .001; ****P < .0001. Statistical tests
used are specified in the figure legends.

Results

Different Organoid Formation Potential of Ductal
Compartments Fractionated by Size

Ductal cells can form organoids in culture upon the addi-
tion of developmental cues in the medium mimicking the
niche,” although it is not known if all pancreatic ductal cells
display equal organoid formation capacity. Thus, we investi-
gated if ductal cells from different compartments of the ductal
tree, including CACs, terminal ducts (TDs), intracalated ducts
(IADs), intercalated ducts (IEDs), and the main duct display
different capacities for organoid formation (Figure 14 and B).
Upon pancreas digestion, we isolated small (<50 um,
including CACs and TDs), medium (50-200 um, including
small IADs and small IEDs), and big ducts (>200 um, including
big IADs, big IEDs, and the main duct) guided by a Sox9:eGFP
transgenic line (Figure 1B and C). This line recapitulates Sox9
expression in all tissues, including the pancreas,lg where the
entire ductal epithelium expresses Sox9° (Figure 1B-D). While
all the fractions formed organoids, medium-big ducts form
bigger organoids in a short period of time (Figure 1E).

Bigger Ducts Display Higher Organoid Formation
Capacity

To ensure that the different organoid formation ability is
not due to (1) a higher number of cells in bigger ducts; (2)
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signaling from vessels, connective tissue, extracellular ma-
trix, or mesenchyme, enriched in big ducts; or (3) a coun-
terproductive effect of acinar cells enriched in small duct
fractions (Figure 1D and E), we FACS-isolated Sox9:eGFP™
cells from each fraction (Figure 1F). The isolation of ductal
cells highlighted Sox9 heterogeneous expression, showing a
reduction of Sox9:eGFP intensity as ductal size increases
(Figure 1F and G). Isolated ductal cells were plated at the
same density to test organoid formation capacities. Big and
medium duct-derived organoids showed higher organoid
formation efficiency in number and size (Figure 1H and [
and Supplementary Figure 14): 0.89% + 1.03% for small,
511% + 2.16% for medium, and 7.93% =+ 1.73% for big
duct-derived organoids.

Medium-Big Duct-Derived Organoids Display
Increased Potential for Differentiation Into
Endocrine Lineages

Organoids expressed classical ductal markers inde-
pendent of the duct of origin (Figure 24). However, we
observed significant heterogeneity: whereas HnfIg
expression was similar in all organoids, Sox9 and Spp1
expression levels were lowest in bigger ducts. Genes
most highly expressed in big duct-derived organoids
included Krt19 and Onecut2 (Figure 2A). Further char-
acterization of ductal markers by immunofluorescence in
organoids showed a high degree of heterogeneity
(Supplementary Figure 1B and C). These results suggest
the concurrence of diverse differentiation states or the
coexistence of different ductal populations in the original
preparation.

Embryonic bipotent progenitors express many ductal
cell markers and progressively lose their progenitor ca-
pacity as they mature into ducts.” Thus, we analyzed
whether organoids from different ductal compartments
were transcriptionally similar to a bipotent progenitor
(Supplementary Figure 1D). We observed that organoids
derived from bigger ducts were closer to a bipotent pro-
genitor based on reduced expression of Nr5aZ2, Gata4, and
Pdx1 while maintaining Gata6 and Onecut1 (Figure 2B). We
therefore asked if this, coupled with the higher organoid
formation capacity of bigger ducts and together with the
expression of markers closely related to a bipotent pro-
genitor, could also indicate an increased capacity for
endocrine differentiation. Thus, we developed a differen-
tiation protocol that mimics embryonic signaling cues
(Supplementary Figure 1E). We observed that medium-big
duct-derived organoids display higher capacity for dif-
ferentiation into endocrine progenitors, showing
increased Neurog3 and NeuroD1 mRNA levels (Figure 2C
and Supplementary Figure 2A4) and increased Neurog3
protein levels (Figure 2D and E). Importantly, organoids
derived from bigger ducts also display a higher capacity
for differentiation into endocrine lineages, including
increased mRNA levels of Sst and Ins but no Gcg or Ppy
(Figure 2C and Supplementary Figure 2B). Interestingly,
Insulin™ cells did not coexpress Neurog3, suggesting that
organoid differentiation mimics in vivo embryonic
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Figure 1. Organoid formation potential of ductal compartments. (A) Drawing and representative images (H&E) of the pancreatic
ductal tree, showing the main duct (1); interlobular (2), intralobular (3), intercalated/terminal (4) ducts; and CACs (5). Dashed
lines indicate ducts, and arrowheads show CACs. Scale bars, 50 um. (B) Drawing of the Sox9:eGFP transgenic mouse (created
with BioRender.com). (C) Maximum projection of lobular units of Sox9:eGFP pancreas intercalated ducts and CACs (small) and
intralobular (medium) and interlobular (big) ducts are highlighted. Scale bar, 200 um. (D) Representative brightfield images of
small, medium, and big ducts hand-picked following digestion. Enriched fractions may have acini, blood vessels, and/or
stroma. Scale bar, 100 um. (E) Ducts cultured at days 0 and 5 in organoid expansion medium. Scale bars, 200 um. (F)
Representative FACS plots of Sox9:eGFP™ cells isolated from small, medium, and big ducts. (G) Representative FACS his-
togram showing Sox9:eGFP levels that increase as the size of the ducts diminishes. (H) Images of organoids plated at the
same cell density after 1 week in culture. Scale bar, 100 um. (/) Violin plot showing organoid formation efficiency (1-way
analysis of variance, Tukey post hoc test, N = 7). B, big; M, medium; S, small.
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development (Figure 2D-F). Low levels of acinar markers
were detected in all organoids (Figure 2C). Finally, the
expression of ductal markers was reduced but observed in
all organoids (Supplementary Figure 2C). Of note, all

>
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experiments with organoids were made with isolated cells
to eliminate duct-resident endocrine cells because the
contamination could lead to misinterpretation of the re-
sults (Supplementary Figure 2D).
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Single Cell RNA Sequencing of Ductal Cells From
Mouse Adult Pancreas Identifies Novel Ductal

Populations

Encouraged by the observation that ductal compart-
ments behaved differently in organoid cultures, pointing to
the existence of different ductal populations, we compre-
hensibly characterized ductal heterogeneity by single cell
RNA sequencing (scRNA-seq) of isolated Sox9:eGFP™ cells
from each ductal compartment, excluding the intra-
pancreatic bile and common biliary duct and including the
main duct (Supplementary Figure 2E), followed by FACS.
Because each sample was run independently, we could later
identify the origin of each newly identified cluster
(Figure 34-0).

To identify previously unknown ductal populations, we
integrated all cells sequenced and filtered out doublets and
low-quality cells. Our dataset contained 21,637 cells, and
cluster analysis identified 17 populations with an average of
7133 unique molecular identifier/cell and 2706 genes/cell
(Figure 3B-D and Supplementary Figure 34 and B). Clus-
tering analysis showed that cells from small ducts cluster
separately (Figure 3C). Moreover, we could attribute 5
clusters derived from small duct fractions (clusters 1, 3, 6,
10, and 12), 1 cluster derived from medium ducts (cluster
4), 4 clusters derived from big ducts (clusters 2, 5, 7, and
13), 3 clusters derived from medium-big ducts (clusters 0, 9,
and 11), and 4 clusters containing mixed cells (clusters 8
and 14-16) (Supplementary Table 3).

Although all clusters expressed ductal markers
(Figure 3E), we observed higher Krt19 and lower Sox9 and
Sppl expression in big duct-derived clusters, especially
clusters 7 and 5. Onecut2 expression was absent in small
duct-derived clusters. Finally, Hnf18 expression was evenly
distributed (Figure 3E and Supplementary Figure 3C). These
results correlate with the qPCR analysis in organoids
derived from different ductal fractions (Figure 24).

Identification of Acinar Contaminants but not
Endocrine Cells

Further analysis of endocrine lineage-specific markers
(Neurog3, Ins, Gcg, Sst, and Ppy) to investigate the existence
of a ductal-endocrine populations showed no expression of
endocrine markers (Figure 3F).

On the other hand, the analysis of acinar-specific
markers showed high expression in clusters 12 and 3
(Supplementary  Figure 4A4), suggesting a possible

Pl
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contamination of acinar cells, ambient RNA, or early acinar-
to-ductal metaplasia (ADM). Surprisingly, clusters 12 and 3
also expressed ductal markers (Figure 3E). Thus, to clarify if
these clusters represent acinar contaminants or ADM, we
sorted side-scatter™®" (SSC)/Sox9:eGFP™/EpCAM ™ cells
(representing GFP' acinar cells) and SSC'*"/Sox9:eGFP"/
EpCAM™ cells (ductal cells) (Supplementary Figure 4B).
Staining for acinar (Amylase) and ductal markers (GFP) of
sorted populations clearly showed that SSCMS"GFP™ cells
were acinar contaminants because Amylaset cells were
GFP~ but show a GFP™ CAC attached (Supplementary
Figure 4C).

Recent single nuclei RNA sequencing studies'® described
3 acinar populations: idling acinar, secretory acinar, and
acinar regenerating. In our scRNA-seq and immunofluores-
cence, we identified cluster 12 as a secretory acinar popu-
lation (Amylase™®™) and cluster 3 as an idling acinar
population (Amylase'®", idling phenotype) (Supplementary
Figure 4D and E).

Novel Ductal Populations

When comparing a cluster to all other clusters, signifi-
cantly differentially expressed genes highlighted the exis-
tence of previously unidentified ductal populations
(Figures 3B-D and 4A and Supplementary Table 4).

Clusters derived from small ducts allowed for identifying
genes uniquely or highly expressed in CACs/TD. Cluster 6
(Obp2b population) is characterized by the expression of
Obp2b, known to be expressed in the mammary gland** but
not in the pancreas. Cluster 1 (ApoE/C population) ex-
presses apolipoproteins (ApoC1/ApoE) associated with
PDAC prognosis.”” Cluster 1 is enriched in CACs because it
shows the highest levels of Aldh1b1, previously described as
a CAC marker”® (Supplementary Figure 3E). Cluster 10
(Wfdc18_2 population) is characterized by high expression
of Wfdc18 related to PDAC.?” Our data indicate that Prox1
expression is higher in CACs/TDs. Prox1 plays an important
role in pancreas morphogenesis. It is expressed in pancre-
atic progenitors and gets restricted to islets and some ductal
cells in the adult.?® Finally, Cftr is highly expressed in small
duct-derived/containing clusters. Mutations in Cftr produce
cystic fibrosis?’; therefore, our data suggest that CACs/TD
could be the main players in the exocrine damage/blockage
observed in cystic fibrosis.

Cluster 4 (Tesc population), derived from medium-size
ducts, is characterized by the expression of Tescalcin,

<«

Figure 2. Organoid differentiation potential into endocrine progenitors and insulin-producing cells. (A) mMRNA expression of
ductal markers (Sox9, Krt19, Hnf1b, Spp1, and Onecut2) by gPCR on small, medium, and big duct-derived organoids (Brown-
Forsythe and Welch analysis of variance, Dunnett’s test 3 post hoc test, N = 3). (B) mRNA expression analysis of genes
expressed in multipotent pancreatic and bipotent progenitors (Gata4, Gata6, Nr5a2, Onecut1, and Pdx1) on organoids (Brown-
Forsythe and Welch analysis of variance, Dunnett’s T3 post hoc test, N = 3). (C) Endocrine/exocrine differentiation was
assessed by gPCR analysis of Neurog3, NeuroD1, Ins2, Gcg, Sst, and Amy2a mRNA levels on duct-derived organoids upon
differentiation (1-way analysis of variance, Tukey post hoc test, N = 3). Relative expression instead of fold-change vs control
was used when no expression was detected in control samples. (D) Representative immunofluorescence images of differ-
entiated organoids toward the endocrine lineage. Insulin (red, white arrowheads) and Neurog3 (green) expression in control
and differentiated organoids. Scale bar, 50 um. (E, F) Quantification of (E) Neurog3™ and (F) Insulin® cells per organoid in
control and differentiated organoids (1-way analysis of variance, Tukey post hoc test).
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Figure 3. scRNA-seq identifies 15 subtypes of ductal cells. (A) Schematic representation of the experimental workflow for
scRNA-seq (created with BioRender.com). (B) UMAP of 21,637 Sox9:eGFP* colored after clustering analysis. (C) UMAP with
samples clustered and colored by the size of the ducts and experimental replicates. (D) Dot plot of cell type—enriched genes
per clusters. (E) UMAP plots showing the expression of pancreatic ductal markers. (F) UMAP plot showing the expression of
pancreatic endocrine markers: Gcg, Ins1, Sst, Ppy, and Neurog3. cDNA, complementary DNA.
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which has recently been reported as a regulator of cancer
progression.30

Clusters derived from big ducts are characterized by the
expression of previously unidentified ductal markers. Clus-
ter 2 (Lcn2 population) is characterized by Len2 and Icam1
expression. Both have increased expression in pancreatitis,
pancreatic intraepithelial neoplasia (PanIN), and PDAC.*"*
Cluster 5 (Wfdc18_1 population), is characterized by high
expression of Wfdc18, like cluster 10. Interestingly, cluster 7
(Wnt-responsive population) expresses many markers
shared with progenitors in other tissues, including Olfin4,
Ly6D, Agr2, and Hes1; therefore displaying a progenitor-like
transcriptome similar to intestine®® and prostate,34
including Wnt-responsive genes (A4scl2, Rnf43, and Znrf3).
Cluster 13 (Cxcl1/2 population) is characterized by high
expression of Cxcll and Cxcl2.

Several clusters were derived from medium-big ducts.
Cluster 0 (Atf3 population) expresses high levels of Atf3. Atf3
deletion in acinar cells decreased pancreatitis-induced ADM,
PanIN formation, and PDAC.*® Cluster 9 (Apo/Tesc popula-
tion) shares most markers with clusters 4 or 1. Cluster 11
(epithelial-to-mesenchymal transition [EMT] population) is
characterized by the expression of Tagln, Tpm2, and Tpml,
which have been identified as markers of myofibroblast-like
cancer-associated fibroblasts in PDAC,3° although these cells
maintain the expression of ductal cells markers, thus sug-
gesting an epithelial-mesenchymal transition state.

Finally, among the clusters composed of mixed com-
partments, cluster 8 (YAP-responsive population) is highly
enriched in YAP target genes, including Ankrd1, Ctgf, and
Cyr61. Hippo-signaling has been found to play key roles in
pancreas progenitor maintenance, renewal, proliferation,
and differentiation.”” Unexpectedly, cluster 14 (interferon
[IFN]-responsive population) is highly enriched in antigen-
presenting and IFN response genes (Isg15, Ifitm3, Ifi1712aq,
and Irf7) that have recently been related to a ductal popu-
lation enriched in islets of type 1 diabetes (T1D) patients
that could play a role in immune eviction.*® Cluster 15
(proliferative population) represents a subset of cycling
ductal cells. Finally, cluster 16 (ciliated population) is
characterized by high expression of motile cilia markers,
such as Spag16 and Foxj1.

Whnt-Responsive Population Is Located in Big
Ducts and Pancreatic Ductal Glands

Gene Ontology analysis showed many biological pro-
cesses shared by several clusters, such as tissue develop-
ment, positive regulation of cellular processes, and cellular
respiration (Supplementary Figure 5 and Supplementary
Table 5). Remarkably, some clusters display unique terms,
such as cluster 14 (IFN-responsive population), enriched in
immune response and cellular response to IFN pathways.
Clusters 5 and 11 (Wfdc18_1 population and EMT popula-
tion, respectively) were enriched in terms related to cell
migration and differentiation. Cluster 15 (proliferative
population) was enriched in mitotic processes and RNA
splicing. Cluster 16 (ciliated population) was enriched in
cilium assembling, docking, and transport (Figure 4B and
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Supplementary Figure 5). Thus, our scRNA-seq results show
ductal heterogeneity and highlight previously unidentified
ductal populations that could play different roles in
pancreatic pathogenesis and regeneration.

Interestingly, the Wnt-responsive population was
enriched in biological processes related to ribosome
biogenesis and translation (Figure 4B), which are linked to
stemness, especially in quiescent stem cells.** When
analyzing Kyoto Encyclopedia of Genes and Genomes path-
ways with genes overexpressed >1.5-fold in this population,
we observed an enrichment of signaling pathways regu-
lating stem cell pluripotency (Figure 5B and Supplementary
Table 6). At the same time, CellMarker analysis*' showed
high similarities with intestinal and basal stem cells and side
population (Figure 54 and Supplementary Table 6), thus
suggesting a stem-like phenotype of this population. Many
classical markers expressed by Lgr5 intestinal stem cells,
but not Lgr5 (Supplementary Figure 3D), were expressed by
the Wnt-responsive population (Figure 5C). This population
also expresses markers previously identified in the common
biliary duct, like Dmbt1 and Ly6D.** These results suggest
that the Wnt-responsive population resembles a population
located in the common biliary duct. Interestingly, staining
for Wnt-responsive population markers (Ly6D, Agr2, or
Olfm4) showed its expression only in budding/outpouching
structures in the main duct, named pancreatic ductal glands
(PDGs)** (Figure 5D). The main duct was manually
dissected to ensure that the glands were in the main duct
and not in the common pancreatobiliary duct
(Supplementary Figure 2E). Interestingly, PDGs have been
suggested to be niche compartments both in mouse and
human pancreas, displaying progenitor capacities and
playing a role in the regeneration of exocrine
pathologies.****

In Situ Characterization of Ductal Populations in
Adult Pancreatic Tissue and Injury Models

To further validate the correlation of scRNA-seq data at
the protein level, we characterized the expression of other
populations’ specific markers in situ by immunofluores-
cence multiplexing using MACSima technology and by
immunohistochemistry in healthy pancreatic tissue
(Figure 5D and Supplementary Figure 64). Significantly, we
confirmed protein expression of most of the cluster-specific
markers (Figure 5E and Supplementary Figure 6), showing
an enrichment correlation with our scRNA-seq data for
71.4% (15 out of 21) of the markers (Figure 5E and
Supplementary Figure 6B). Next, we characterized the
expression of specific markers in CP and observed that
Olfm4, Agr2, AnxA3, and Isgl5 are heterogeneously
expressed in ADM regions in CP samples, suggesting a pu-
tative role of the Wnt-responsive, EMT and IFN-responsive
populations in pancreatitis pathogenesis (Figure 6A4).

In recent years, several laboratories have described
acinar and ductal cells as origins of PDAC.**"*>*® Ductal-
derived PDACs, characterized by the expression of Agr2*’
or IFN signaling-related genes,*” are more aggressive and
have a poorer outcome. Interestingly, the Wnt-responsive
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population is characterized by the expression of Agr2 and expression of those markers in mouse PDAC samples, either
Olfm4 and the IFN-responsive population by IFN-related in tumors where Kras mutation and P53 deletion are
genes, such as Isg15 and Bst2. Thus, we characterized the induced by Pdx1-Cre (progenitor derived, KPC*®) or by
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HNF1bCreERT2 (ductal derived, HPC*!*®) system. In Pdx1-
derived tumors, we observed scattered expression of Agr2,
Olfm4, AnxA3, and Isgl5 in the tumor, ADM, and PanlIN le-
sions. In ductal-derived tumors, we observed 2 different
patterns in PanINs: uniformly expressing PanINs and Pan-
INs lacking marker expression (Figure 64). Further com-
parison of our data to single-cell data of preinvasive lesions
in mouse PDAC samples®® showed that the transcriptional
signatures of big duct-derived populations, including the
Wnt-responsive and EMT populations (and, to a lesser
extent, the IFN-responsive population) were more highly
expressed in ductal and metaplastic cells in tumor samples,
again suggesting a role of these ductal cells in tumorigenesis
(Supplementary Figure 7).

Interestingly, specific markers from the Wnt-responsive,
[FN-responsive, and EMT populations had higher outcome
predictive values in human samples than genes in other
populations, such as the Obp2b population, Cxcl1/2 popu-
lation, Len2 population, or Tesc population (Supplementary
Figure 84). Further characterization of Wnt-responsive, [FN-
responsive, and EMT population markers in human PDAC
samples shows inter- and intratumor sample heterogeneity
(Figure 6B). Moreover, we observed that type 2 “malignant”
ductal cells described by Peng et al’” that were linked to
poor prognosis had a transcriptional profile enriched for the
markers from Wnt-responsive, IFN-responsive and EMT
populations (Supplementary Figure 8B-D), thus supporting
our hypothesis that those populations could play an essen-
tial role in PDAC development.

Isolation of Newly Identified Populations and
In Vitro Characterization of Exocrine/Endocrine
Differentiation Capacity

To further study newly defined populations in organoid
cultures, we intersected our scRNA-seq data with the human
protein atlas data on membrane proteins51 and identified
antibodies against extracellular epitopes of these proteins.
Isolation of ductal compartments followed by antibody
staining of specific surface markers confirmed the enrich-
ment of the ductal populations in the compartments iden-
tified by scRNA-seq in 10 out of the 15 markers analyzed
(Figure 74 and Supplementary Figure 94). We isolated
Ly6D" cells (Wnt-responsive population), Bambi® cells
(ciliated population), Bst2" and Ly6A/E" cells (INF-
responsive population and cells from medium/big ducts),
Vcam1™ cells (Wfdc18_1 population), Icam1™ cells (Atf3,
ApoE/C, and Cxcl1/2 populations), Ackr3™ and FIrt3* cells
(medium-big duct-derived clusters), and CD166/Alcam™

d
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cells (panductal). CD133/prominin was selected as the stem
cell marker already used to test ductal cell stemness
(reviewed by Casamitjana et al®*). Glut1/Slc2al was used to
isolate a fraction of ductal cells while not defining a cluster.
Finally, Mme was used to enrich for small ductal cells,
although the expression pattern observed by FACS did not
correlate with scRNA-seq expression (Figure 74 and
Supplementary Figure 9A4).

The organoid formation capacity of the isolated pop-
ulations based on Sox9:eGFP expression and specific surface
markers was interrogated by plating the same cell density
(Figure 7B and C). All isolated populations formed organo-
ids, although at different efficiencies. The populations with
higher organoid formation efficiency were derived from
medium-big ducts, including Ly6D (20.05% =+ 2.25%),
Icam1 (16.24% + 7.98%), Glutl (13.89% =+ 3.55%), Vcam1
(10.38% =+ 3.55%), Ly6A/E (7.95% =+ 2.34%), FIrt3
(12.43% =+ 5.88%), and Bambi (10.28% =+ 8.87%). Some of
the isolated populations displayed low organoid formation
capacity below the 7.93% observed in big ducts (Figure 11),
including prominin, Ackr3 and Mme (7.43% =+ 3.48%,
3.04% + 2.3%, and 7.65% =+ 8.39%, respectively). We also
quantified organoid size (Supplementary Figure 8B),
showing different growth capacities. Notably, organoid
heterogeneity was highly reduced based on ductal markers
(Figure 7D). Only populations with higher organoid forma-
tion efficiency than big ducts were further analyzed.

In vitro differentiation of the isolated populations into
the endocrine lineages showed that Bambi® cells display
a significant capacity to differentiate into endocrine
progenitors—an up to 50-fold increase of Neurog3 expres-
sion vs control organoids (53.49 + 19.89) (Figure 7E). The
remaining populations display increased capacity for dif-
ferentiation into Neurog3-expressing cells when compared
to big-duct-derived organoids, although they do not reach
statistical significance. Surprisingly, Bambi-derived organo-
ids did not display a high capacity of differentiation into
endocrine lineages based on Ins, Gcg, and Sst mRNA
expression; instead, Flrt3-derived organoids display higher
capacity of differentiation into all endocrine linages
(Figure 7E). Curiously, Ly6D-derived organoids show higher
capacity to differentiate into acinar cells based on Amylase
expression (Supplementary Figure 9C).

Discussion

Pancreatic heterogeneity, at single-cell resolution, has
been mainly exploited to study pancreatic endocrine cells;
thus, ductal heterogeneity has not been deeply analyzed in

<

Figure 5. Detection of novel ductal markers in healthy pancreatic tissue, including the Wnt-responsive population in PDGs. (A)
Plots showing Enrichr analysis”® for the Wnt-responsive population in CellMarker_Augmented [hits = —log(P value) > 8] and (B)
KEGG2021 [hits = —log(P value) > 1]). (C) Gene expression comparison between the Wnt-responsive population and intestinal
progenitors.>® (D) Multiplex immunofluorescence images of the main duct, including PDGs, and whole pancreas section using
MACSima Imaging Cyclic Staining technology of newly identified populations: Tagln (EMT population); Ly6D and Agr2 (Wnt-
responsive population); Glut1 (some ductal cells); Lcn2 and Icam (Lcn2 population); Vcam (Wfdc18_1 population); Ly6A/E (IFN
population); and Prominin1 expressed in most ductal cells and lineage markers, Insulin and Sox9. Scale bar, 100 um. (E)
Heatmap plot quantifying specific marker expression of novel ductal populations (blue, expression; white, absence of

expression).
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Figure 6. Characterization of ductal populations in adult pancreas, CP, and PDAC. (A) Representative immunofluorescence/
immunohistochemistry images of healthy, CP, and PDAC samples from KPC and HPC mice. Staining of population markers
Agr2 and OIfm4 (Wnt-responsive population), Isg15 (INF-responsive population), and AnxA3 (EMT population) are in green,
and panductal marker Krt19 is in red. Representative images of ADM (A), tumor, and PanINs (P) are shown per every
marker analyzed. Arrowheads indicate coexpression of population markers and Krt19. Scale bar, 50 um. (B) Representative
immunofluorescence images of consecutive sections of 5 independent human PDAC samples stained with the same
population-specific markers detected in red and panductal marker Krt19 in green, showing intra- and intertumor heterogeneity

expression. Scale bar, 50 um.

mice or humans. The first glimpse of such heterogeneity was
highlighted in recent publications*®'’; although these
studies do not include cells from all ductal compartments,
only a couple of thousand cells were analyzed. For the first
time, we have generated a cell atlas of the entire murine

pancreatic ductal epithelium from the tip (CACs) up to the

main duct, including PDGs. Our results have uncovered an
unprecedented level of heterogeneity in the ductal
compartment. Interestingly, recent work by Fasolino et al**
discovered a subset of ductal cells that acquires a signature
of tolerogenic dendritic cells in an attempt at immune
suppression in T1D donors, highlighting a novel role of
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Figure 7. Isolation of newly identified populations and in vitro characterization in organoid cultures upon endocrine differ-
entiation. (A) Bar plots showing quantification of ductal population distribution in small, medium, and big enriched ductal
fractions by FACS (1-way analysis of variance, Tukey’s post hoc test, N = 3-5). (B) Representative images of organoid for-
mation efficiency upon 10-day cultures. (C) Violin plot showing quantification of organoid formation efficiency (N = 3-5) and
population mean. Colored lines indicate the mean of organoid formation in big (red), medium (blue), and small (green) duct-
derived organoids. (D) Pie charts showing the quantification of ductal marker expression by antibody staining (Sox9, Hnf1b,
and Krt19) in population-derived organoids. (E) gPCR analysis on population-derived organoids upon differentiation for
Neurog3, Ins2, Gcg, and Sst (Student t test vs big [red], N = 3).
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ductal cells in T1D pathogenesis. Interestingly, our scRNA-
seq analysis demonstrated the presence of this population
scattered through the ductal epithelium. Thus, further in-
vestigations are needed to understand the role of this
population in the development and pathophysiology of
diabetes or exocrine diseases.

We have defined an in vitro protocol to efficiently induce
differentiation of organoids into Neurog3™" progenitors and,
to a lesser extent, into hormone-producing cells. Interest-
ingly, bigger ducts and derived organoids express lower
levels of Spp1; thus, our results are in concordance with the
recent observations demonstrating that inhibition of Spp1 in
ductal cells induces insulin expression in vitro.'” Our
scRNA-seq data reflect the coexistence of 15 ductal pop-
ulations, some of which were not previously identified,'®'”
and demonstrated functional differences within the ductal
epithelia. The likelihood of a pool of dedicated progenitors
in the adult pancreas is low; thus (§-cell neogenesis has been
controversial. Most lineage tracing studies, using panductal-
specific Cre lines,"" did not find a quantifiable and physio-
logically relevant contribution of (-cell neogenesis from
ducts. These previous results do not disprove the plasticity
of ductal cells in vitro, in organoid cultures, as we have
demonstrated here, showing that different ductal compart-
ments behave differently in organoid cultures at various
levels, from organoid formation to endocrine/exocrine
differentiation.

We further showed that, upon FACS isolation of novel
populations, Bambi, Flrt3, Glutl, Icam1, Ly6D, and Vcam
ductal cells display >10% organoid formation efficiency,
although organoid formation did not correlate with an
increased endocrine differentiation potential, at least under
the same media conditions. Surprisingly, organoids derived
from the Bambi ciliated population display high differenti-
ation capacity toward endocrine progenitors but not
hormone-producing cells. Intriguingly, Flrt3-derived orga-
noids show high efficiency of differentiation into hormone-
expressing cells. Flrt3 has been found to be expressed
in pancreatic multipotent progenitors at E9.5.°% Strikingly,
the Wnt-responsive population located in PDGs displays
stemness features, showing high exocrine regenerative
capacity.

Future manipulations to promote g-cell differentiation
from organoids are needed to develop efficient protocols.
We have used standardized media for organoid formation
and differentiation; thus, further investigation on whether
signaling cues required to differentiate novel ductal pop-
ulations into the endocrine/exocrine lineages differ between
them is necessary. Nevertheless, our results demonstrated a
putative role of novel ductal populations in endocrine and
exocrine regeneration. Moreover, new lineage-tracing
models will be critical to further investigate the role in
pancreas regeneration of the Wnt-responsive and Flrt3
populations.

Our results suggest that newly identified populations
might play a role in pancreatic exocrine pathogenesis
because the expression of their markers increases in ADM
regions in CP. In addition, recent reports highlighted acinar
and ductal cells of origin of PDAC. Interestingly, our analysis
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showed the existence of 3 ductal populations—the Wnt-
responsive, IFN-responsive, and EMT populations—showing
higher outcome predictive values in human PDAC samples
than genes in other populations. Significantly, transcriptional
comparison with scRNA-seq in human PDAC samples corre-
lates with an enrichment of the populations mentioned in
tumor samples. Thus, our results suggest that novel ductal
populations could play different roles in the pathophysiology
of exocrine pancreatic diseases and different ductal cells of
origin of PDAC. This hypothesis requires further investigation
with novel lineage-tracing models to rule out a simple reac-
tivation of population markers, understand their function in
different exocrine disease states, and increase our under-
standing of the biology and PDAC heterogeneity. If uncov-
ered, it would be critical to investigate the differences in
tumor development and biomarkers according to a ductal cell
of origin with implications in tumor stratification of PDAC
patients according to ductal markers that may affect the
prediction outcomes and allow for the identification of novel
therapeutic targets to design a personalized medicine
strategy.

Considering our discovery of previously unidentified
ductal populations, we unmasked the potential roles of
specific ductal populations in endocrine/exocrine regener-
ation and pathogenesis. Therefore, our results compel the
need to reinterpret the cellular pathogenesis of pancreatic
diseases and to revisit previous lineage-tracing experiments
using panductal markers by generating new tracing tools to
study ductal-specific populations and investigate their
regenerative potential and their role in exocrine pathogen-
esis in vivo.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j-gastro.2024.06.008.
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Supplementary Methods

Chronic Pancreatitis

For the induction of chronic pancreatitis, 8-12-week-old
C57BL/6 mice were treated with 125 ug/kg caerulein. Mice
received hourly intraperitoneal injections every other day (6
injections/day at days 0, 2, and 4) for 6 days and then received
single daily injections until day 65 in cycles of 5 injection
days + 2 injection-free days. Mice were culled at day 65.

Whole Pancreatic Duct Isolation and Purification
Mouse pancreas was dissected from 8-12-week-old
mice. Pancreas was minced in phosphate-buffered saline
(PBS), and the fragments were transferred to digestion
buffer (Hank’s balanced salt solution medium containing
1.5-1.7 U/mL collagenase P) and then incubated for 10-15
minutes at 37°C, with the digestion mix vigorously shaken
every 3-4 minutes. After digestion, the collagenase-
containing buffer was neutralized by adding 10 mL of
blocking buffer (5% volume/volume [v/v] fetal bovine
serum [FBS] in Hank’s balanced salt solution). The tissue
digest was centrifuged at 300g at 4°C for 5 minutes. The
supernatant was removed, and the pellet was washed twice
using 10 mL of blocking buffer. The pellet was resuspended
in 10 mL of blocking buffer. The digested pancreas was
placed in petri dishes, and whole ducts were hand-picked
and sorted by size under a fluorescent stereoscope and
transferred into a new tube in ice-cold fresh blocking buffer.

Ductal Cell Single-Cell Prep

Medium and big ducts were further digested with
collagenase P (1.5-1.7 U/mL) for 5-10 minutes at 37°C,
with the digestion mix vigorously shaken every 2-3 mi-
nutes. After digestion, collagenase P was washed twice.
Finally, all samples (small, medium, and big ducts) were
further digested using 1 mL of tryPLE Express for 5-10
minutes (depending on the size of the ducts) at 37°C, with
the digestion mix vigorously shaken every 2-3 minutes.
After digestion, tryPLE was neutralized by adding 10 mL of
blocking buffer, centrifuged, and washed twice. Purified
single ductal cells were resuspended in FACS buffer (10%
v/v FBS, PBS). The cell suspension was filtered using a 70-
um and 40-um cell strainer.

Cell Staining and Fluorescence-Activated Cell
Sorting Analysis

Cell suspensions were washed using FACS buffer. Sec-
ondary antibody incubation, when primary antibodies were
not conjugated to a fluorochrome, was performed on ice for
30 minutes in FACS buffer with secondary antibody (1:300
dilution). Samples were washed twice before FACS analysis
or cell sorting. All the incubations were performed at 4°C.

All FACS analyses were performed using a Beckman
Coulter Gallios Analyzer, and cell sorting was performed
using a Beckman Coulter High-Speed Cell Sorter Moflo-XDP.

Flow-derived data were analyzed using Kaluza 2.1
software (Beckman Coulter, Inc).
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Culture of Ductal-Derived Organoids

FACS-sorted ductal cells (GFP™) or whole ducts were
embedded in a Matrigel medium (25% triplePlus Media:
1% v/v Penicillin-streptomycin, 1 mmol/L HEPES, 1x
GlutaMAX, Advanced DMEM/F12; and 75% Matrigel) at a
density of 1000-5000 cells per 40 uL Matrigel dome. Each
Matrigel dome was placed in individual wells of a 24-well
plate and transferred into a 37°C incubator for gelification
for 10 minutes. Domes were covered with pancreatic
organoid expansion medium (1x B27 minus vitamin A, 1
mmol/L N-acetylcysteine, 50 ng/mL Rspol, 10 mmol/L
nicotinamide, 10 nmol/L gastrin, hEGF 50 ng/mL, hFGF10
100 ng/mlL, hNoggin 50 ng/mL, 0.5 umol/L A83, 10 umol/L
prostaglandin E2, triplePlus Media) supplemented with 10
umol/L Y-27632 (only for first seeding of single cells).
Medium was refreshed every 3-4 days. Organoids were
passaged every 5-7 days. For passage, organoids were
extracted from the Matrigel using 5-10 mL of ice-cold tri-
plePlus medium, centrifuged at 4°C and 1000 revolutions per
minute and washed twice. Pellet was resuspended in 200 uL
of triplePlus, and organoids were fragmented by pipetting up
and down 22 times using an antiadherent-coated P200 tip.
Fragments were washed and resuspended in Matrigel me-
dium and replated in a 1:3-1:6 split ratio.

Endocrine Differentiation Media

Two days after organoid passage, organoids were
cultured with differentiation medium 1 (1x B27 minus
vitamin A, 1 mmol/L N-acetylcysteine, 10 mmol/L nicotin-
amide, 1x insulin-transferrin-selenium-ethanolamine, 1 ug/
mL heparin sodium salt, 0.1 umol/L +y-secretase inhibitor,
0.1 umol/L (amyloid precursor protein 1P, TPB), 50 nmol/L
retinoic acid, in triplePlus Media) for 4 days. Upon this first
period, the differentiation protocol was followed by using
differentiation medium 2 for 4 additional days (1x B27
minus vitamin A, 1 mmol/L N-acetylcysteine, 10 mmol/L
nicotinamide, 1x insulin-transferrin-selenium-ethanolamine,
1 wpg/mL heparin sodium salt, 0.1 umol/L vy-secretase in-
hibitor, 0.1 umol/L amyloid precursor protein 1P (TPB),
10 uwmol/L AIK5 inhibitor II, in high-glucose triplePlus Media
or control medium (1x B27 minus vitamin A, 1 mmol/L
N-acetylcysteine, 10 mmol/L nicotinamide, 1x insulin-
transferrin-selenium-ethanolamine, 1 ug/mL heparin, triple-
Plus Media). Media was refreshed every other day. See
Supplementary Table 2 for reagent references.

Pancreas Staining and Microscopy Analysis

Samples were fixed in 4% paraformaldehyde and washed
with PBS 3 times. Whole pancreas was fixed at 4°C overnight,
and whole ducts and cultured organoids were fixed for
20-30 minutes. If used for paraffin sectioning, samples were
immediately taken for automatic paraffin inclusion.

For paraffin-embedded samples, pancreas or organoids
were sectioned at 4-5 um. Antigen retrieval was performed
after deparaffinization using citrate buffer pH6 in a
decloaking chamber. After 1 hour of blocking with 0.5% v/v
triton, 5% v/v FBS, and PBS, tissue sections were incubated
with primary antibodies (see Supplementary Table 2)
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overnight at 4°C, followed by 3 washes using blocking buffer
and incubated with secondary antibodies for 2 hours at room
temperature, followed by 3 PBS washes, before 4,6-
diamidino-2-phenylindole (DAPI) staining for 15 minutes at
room temperature. After 3 additional PBS washes, coverslips
were mounted using Fluoroumount-G (SouthernBiotech).

For whole-mount staining, fixed whole ducts and
cultured organoids were incubated for 1 hour at room
temperature with block buffer and then incubated with
primary antibodies overnight at 4°C, followed by 3 washes
using blocking buffer and centrifugation, incubated with
secondary antibodies for 2 hours at room temperature, fol-
lowed by 3 PBS washes, before DAPI staining for 15 minutes
at room temperature. For imaging, organoids and ducts
were placed in mounting media (Dako) on a glass bottom
microwell dish (MatTek).

All confocal images were captured by a Leica TCS SP5
inverted confocal microscope. Epifluorescent images
were acquired on a Zeiss Axio Observer Z1 with an
Apotome inverted fluorescent microscope. Brightfield
images of cultured organoids were taken on a Leica Z16
APO vertical stereomicroscope. Organoid sizes were
measured using Image]/FIJI. Quantification of marker
expression on organoids was performed using the Imaris
9.6 software.

Sample Preparation Protocol for Frozen Tissue
Sections for MACSima

Before immunofluorescence staining, frozen tissue was
prepared according to the manufacturer’s protocol (Miltenyi
Biotec B.C.& Co.KG). In brief, MACSWell Imaging (Miltenyi
Biotec) frames were mounted directly on the objective slide.
Pretreated (4% PFA over 8 hours, 30% sucrose overnight)
frozen sections of 8-um tissue thickness were washed 3 times
with MACSima Running buffer (no. 130-121-565, Miltenyi
Biotec) and subsequently stained with DAPI solution
(component of MACSima Stain Support Kit: no. 130-127-575)
in the dark for 10 minutes at room temperature. After 3
washing steps with MACSima Running buffer, tissue slices
were blocked using 10% v/v bovine serum albumin for 20
minutes at room temperature. Finally, tissue slices were
covered with an appropriate volume of MACSima Running
buffer to each well depending on the used MACSWell Imaging
Frame and samples loaded into the MACSima Imaging System.

MACSima Imaging Cyclic Staining Technology
Using the MACSima Imaging System

As a fully automated instrument, the MACSima Imaging
System (Miltenyi Biotec) combines liquid handling with
widefield microscopy for cyclic immunofluorescence stain-
ing. In brief, staining cycles consisted of the following
automated steps: immunofluorescent staining, sample
washing, multifield imaging, and signal erasure by photo-
bleaching. Incubation time was adapted for some markers to
30 minutes, and antibody concentrations were optimized
individually. Antibodies used for wused for cyclic

Gastroenterology Vol. 167, Iss. 5

immunofluorescence staining with the MACSima Imaging
Platform are included in Supplementary Table 2.

Image Analysis Using MACSIQ View Imaging
Software

The acquired images by the MACSima (single field of views)
were preprocessed using MACSIQ View Imaging Software
(analysis module, Miltenyi Biotec) for stitching, registration,
and background subtraction according to the current Pre-
Processing-Pipeline (Miltenyi Biotec). Preprocessed data were
segmented to identify individual ductal cells using DAPI (for
cell nuclei) and endogenous GFP (for nuclei and cytoplasm)
followed by antibody staining for each marker being analyzed.

Bioinformatic Analysis Comparison With Human
Pancreatic Ductal Adenocarcinoma Samples and
Mouse Pancreatic Intraepithelial Neoplasia

The “Addmodulescore” function from Seurat was used to
assess the resemblance between these ductal cell populations
and malignant ductal cells in mouse PanIN and human PDAC.
Module scores were computed with default parameters
except the adjustment of ctrl=20 for mouse PanIN. Human
PDAC was downloaded from GSA: CRA001160,°! and mouse
PanIN data were downloaded from GSE141017.°* Cell an-
notations for human PDAC were provided within the de-
pository. Cell annotation for mouse PanIN was processed
based on the criteria outlined in the original study. Specif-
ically, ductal cells were identified as tdTomato”, Cpa’, and
Krt197"; metaplastic cells as tdTomato™, Cpal”, Krt19"; and
acinar cells as tdTomatot, Cpal™, Krt19™.

Gene Ontology Analysis

Gene Ontology analysis has been computed with the R
package gprofiler2®® (version 0.2.1). The gprofiler2:gost
function was run with the genes belonging to each cluster
and limiting the background to genes that showed detect-
able expression in at least 3 cells in the expression matrix.
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Supplementary Figure 1. Organoid characterization. (A) Violin plot showing organoid formation efficiency and size of small
(green), medium (blue), and big (red) ductal-derived organoids generated from isolated single-cell cultures. Size from 100-200
um, 200-300 um, and over 300 um of diameter (1-way analysis of variance, Tukey post hoc test, n = 7). (B) Representative
whole-mount immunofluorescence images of organoids showing heterogeneous expression of Sox9 (green), HNF18 (red),
Krt19 (white), and nuclei (DAPI, blue). Scale bar, 100 um. (C) Pie charts showing the heterogeneity of expression of the
mentioned markers in organoids derived from small, medium, and big ducts. (D) Schematic representation of pancreatic
development, showing some of the key genes involved in lineage transitions (created with BioRender.com; adapted from
Malinova et al®* with permission). (E) Schematic representation (created with BioRender.com) of the differentiation protocol
used to induce organoid differentiation toward endocrine lineage. Neg, negative; PKC, protein kinase C, RA, retinoic acid; TGF,
transforming growth factor.
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Supplementary Figure 2. Organoids display increased differentiation potential into endocrine progenitors. (A) Neurog3 mRNA
levels in organoids upon differentiation compared to E14.5 embryonic pancreas (1-way analysis of variance, Tukey post hoc
test vs embryonic pancreas, N = 3). (B) mRNA expression levels of Ppy in differentiated organoids. (C) mRNA expression levels
of ductal markers (Krt19 and Sox9) in differentiated organoids (1-way analysis of variance, Tukey post hoc test, N = 3). (D)
Insulin mRNA levels in organoids derived from whole ducts (WD) and FACS-isolated single ductal cells from small, medium,
and big ducts in differentiation and control media. (E) Brightfield images of common biliary duct and main duct dissection.
Pancreas was partially removed to image the common biliary duct and the main duct. Images include gallbladder, cystic duct
(CD), hepatic ducts (HD), common biliary duct (CBD, including the pancreatobiliary duct), main duct (MD), ampulla of Vater,
and duodenum. HPRT, hypoxanthine phosphoribosyltransferase 1; SC, single cell. Scale bar, 50 um.



October 2024

A

6000

4000

2000

Potential Roles of Novel Cell Populations in Pancreas Regeneration and Exocrine Pathogenesis

nFeature_ RNA

30000

20000

10000

nCount_RNA

percent.mt

v v
0 61613 1 10

D

UMAP_2
<

N
|
\
17*
[
(r B
\!
e
v VHNV“

29227 14412 1881119

Lgr5

23153

8
I
]
[

5)

UMAP_1

&
<
&
<

@
€
&
<«

&
€
&
<€

>

17 20

I 06

0.4
0.2
0.0

21

size

. 2000
‘ 4000

‘ 6000

o :
Aali BT
in_prop t oo
0.00 x -
> 0.25 R
—> 0.50 o0
—> 075 9. o3
§o2
—> 1.00 q‘: ::
count I ‘ 0‘ ‘0
- - 4000 o 1 2 3 4 H 6 7 8
3000 1
2000 » ? T ?
1000
SCT_snn_res.
0.2
° 04
® 06
e 08
1
Aldh1b1
5_
0.
-5
0 4 8
UMAP_1

2.0
1.5
1.0
0.5
0.0

960.e7

Supplementary Figure 3. Quality control of scRNA-seq samples. (A) Quality control plots indicating nFeature_ RNA: number of
genes detected per cell; nCount_RNA: number of UMIs per cell; and percent.mt: percentage of mitochondrial genes. (Low-quality/
dying cells often exhibit extensive mitochondrial contamination.) (B) Clustering tree. This visualization shows the relationships between
clusters at multiple resolutions. (C) Violin plots showing expression of ductal markers in all identified clusters. (O) UMAP plot showing
Lgrb expression in our scRNA-seq dataset. (E) UMAP plot showing Aldh1b1 expression in our scRNA-seq dataset.
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Supplementary Figure 4. Acinar contamination. (A) UMAP plots showing the expression of acinar cell markers (Prss2 and
Ctrb1). (B) Representative flow cytometry plots showing the FACS sorting strategy to isolate acinar cells
(EpCAM*Sox9:eGFP7),  ductal  cells (EpCAM*Sox9:eGFPTSSC'Y), and acinar cells expressing GFP
(EpCAM*Sox9:eGFPTSSC™"). (C) Immunofluorescence staining on cytospun freshly isolated ductal, acinar, and acinar/
eGFP-positive sorted cells for GFP (green, readout for Sox9 expression) and amylase (red, acinar marker). Scale bar, 50 um.
(D) Violin plots showing the expression of acinar genes Ctrb1, Prss2, Cela2a, Cpal, Gp2, Spink1, Sycn, and Tff2 on clusters 3
and 12. (E) Immunocytochemistry staining on cytospun freshly isolated acinar sorted cells. Dashed lines highlight the acinar
cells, * indicates an acinar binucleated cell with low levels of amylase (red), and + indicates a mononucleated acinar cell with
high levels of amylase. Scale bar, 50 um.
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Supplementary Figure 5. Gene Ontology. Plots showing Gene Ontology analysis for ductal clusters 0-4, 6, 8-10, 12, and 13,
with the top 5 significant Gene Ontology terms. GO, Gene Ontology.
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Supplementary Figure 6. Detection of novel ductal markers in healthy pancreatic tissue. (A) Representative images of
immunohistochemistry detection of Cldn15, Tagin, and Anxa3 (EMT population); Ackr3 (YAP-responsive population); Cxcl12
(Cxcl1/2 population); FIrt3 (medium-big ducts); Bambi (ciliated population); Glut1 (expression in some ductal cells); Isg75 (IFN-
responsive population) in healthy pancreas; Agr2, Olfm4, and Ly6D (Wnt-responsive population); Aldh1A2 (medium-big
clusters); FoxJ1 (ciliated population); Alcam (panductal); Ifi44 (IFN-responsive population); Gmnn (enriched in small-derived
clusters); RhoV (enriched in small-derived clusters); and Cldn70 (enriched in small-derived clusters) in healthy small, me-
dium, and big ducts (red arrows indicate positive cells, and black arrows negative cells). Scale bar, 50 um. (B) Heatmap plot
shows qualitative correlation (green) or no correlation (red) between protein expression and scRNA-seq data. Heatmap plot
shows, in blue, qualitative analysis of marker expression in small, medium, and big ducts in healthy tissue.
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Supplementary Figure 7. Mouse PDAC comparison. (A) UMAP plots of pancreatic populations identified by Schlesinger
et al®® in PDAC mouse samples. (B) UMAP plots showing tdTomato expression (indicating Tomato positive cells traced
from the mouse line used in the study®®), Sox9 expression (ductal marker) and Cpa? expression (acinar marker). (C) Table
summarizing acinar, ductal and metaplasic clusters identified. (D) Heatmap plots showing the transcriptional profile com-
parison between our scRNAseq data and Schlesinger et al®® showing that the transcriptional signatures of big duct-derived
populations, including the Wnt-responsive and EMT populations (and to a lesser extent IFN-responsive) were higher
expressed in ductal and metaplastic cells in tumor samples.
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Supplementary Figure 8. Human PDAC comparison. (A) mRNA expression of population markers BST2 (IFN-responsive
population), LY6D (Wnt-responsive population), TESC (Tesc population), CXCL2 (Cxcl1/2 population), OBP2B (Obp2b pop-
ulation), LCN2 (Lcn2 population), and ANXA3 (EMT population) in human PDAC samples and healthy pancreas via GEPIA
(http://gepia.cancer-pku.cn/) database including TCGA and genotype-tissue expression (GTEX) data. Box plot represents
tumor (T) in red (179 samples) and normal tissue (N) in gray (171 samples). X-axis represents mRNA expression as
log2(TPM+-1). Significant differences are shown (*o < 0.001). Kaplan-Meier survival curves are plotted using GEPIA where
median group survival cutoff of 50% is shown, as well as hazard ratios and 95% confidence intervals. (B) UMAP plots of ductal
populations in human samples (normal and PDAC) from Peng et al.’ (C) Heatmap plots showing transcriptional profile
comparison between our scRNAseq data and Peng et al®’ ductal cell types 1 and 2 (being ductal cell type 2 the “malignant”
subtype) and heatmap showing transcriptional profile comparison between control (normal pancreas) and PDAC samples from
the same study). (D) Violin plots showing expression of population specific markers from Wnt-responsive population (AGR2),
IFN population ({SG15), and EMT population (ANXA3) in control and PDAC samples from Peng et al.®’
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Supplementary Figure 9. Isolation of novel ductal populations. (A) Flow cytometry plots showing expression of population
specific markers in Sox9:eGFP ductal cells isolated from small, medium, and big ducts, and UMAP showing expression of the
gene in our scRNA-seq data. (B) Violin plot showing organoid formation efficiency and size of isolated ductal populations in
organoid cultures 10 days after sorting. Size 100-200 um, 200-300 um, and over 300 um of diameter (1-way analysis of
variance with Tukey post hoc, shown comparisons within populations, N = 7). (C) mRNA expression levels of Amy2a (acinar-cell
marker) on differentiated pancreatic ductal population-derived organoids (Student t-test vs big ducts and small ducts, N = 3).



	A Single-Cell Atlas of the Murine Pancreatic Ductal Tree Identifies Novel Cell Populations With Potential Implications in P ...
	Materials and Methods
	Mice
	Chronic Pancreatitis
	Pancreatic Ductal Adenocarcinoma Models
	Human Pancreatic Ductal Adenocarcinoma Samples
	Duct Isolation
	Single-Cell Prep
	Fluorescence-Activated Cell Sorting Analysis
	Organoid Culture
	Endocrine Differentiation
	Immunostainings
	RNA Isolation and Quantitative Polymerase Chain Reaction
	Sample Preparation for Single Cell RNA Sequencing
	Single Cell RNA Sequencing Analysis
	Statistical Analysis

	Results
	Different Organoid Formation Potential of Ductal Compartments Fractionated by Size
	Bigger Ducts Display Higher Organoid Formation Capacity
	Medium-Big Duct–Derived Organoids Display Increased Potential for Differentiation Into Endocrine Lineages
	Single Cell RNA Sequencing of Ductal Cells From Mouse Adult Pancreas Identifies Novel Ductal Populations
	Identification of Acinar Contaminants but not Endocrine Cells
	Novel Ductal Populations
	Wnt-Responsive Population Is Located in Big Ducts and Pancreatic Ductal Glands
	In Situ Characterization of Ductal Populations in Adult Pancreatic Tissue and Injury Models
	Isolation of Newly Identified Populations and In Vitro Characterization of Exocrine/Endocrine Differentiation Capacity

	Discussion
	Supplementary Material
	References
	Acknowledgments
	CRediT Authorship Contributions
	Supplementary Methods
	Chronic Pancreatitis
	Whole Pancreatic Duct Isolation and Purification
	Ductal Cell Single-Cell Prep
	Cell Staining and Fluorescence-Activated Cell Sorting Analysis
	Culture of Ductal-Derived Organoids
	Endocrine Differentiation Media
	Pancreas Staining and Microscopy Analysis
	Sample Preparation Protocol for Frozen Tissue Sections for MACSima
	MACSima Imaging Cyclic Staining Technology Using the MACSima Imaging System
	Image Analysis Using MACSiQ View Imaging Software
	Bioinformatic Analysis Comparison With Human Pancreatic Ductal Adenocarcinoma Samples and Mouse Pancreatic Intraepithelial  ...
	Gene Ontology Analysis

	Supplementary References


