
Article
Long-term in vitro expansion of a human fetal
pancreas stem cell that generates all three
pancreatic cell lineages
Graphical abstract
Acinar

Ductal

Endocrine

LGR5+ Tripotent 
progenitor

2-3 weeks ~10 days
Expansion Differentiation

Differentiation

Time

hf
PO

 O
rg

an
oi

d 
lin

e

Yrs

Acinar EndocrineDuctal

Tripotent progenitor identity

Cellular and molecular characterisation

Long-term culture

Pancreatic lineage differentiation

UMAP1

U
M

AP
2

Organoid derivation Biobanking

Tissue comparisonBulk RNA-Seq Singel-cell RNA-SeqIF

UMAP1

U
M

AP
2

Highlights
d Human fetal pancreatic organoids (hfPOs) established from8

to 17 GWs expand long-term

d hfPOs recapitulate the epithelial complexity of human fetal

pancreas

d hfPOs generate functional acinar and endocrine cell lineages

upon differentiation

d LGR5 marks tripotent stem cells, precursors to all exocrine

and endocrine lineages
Andersson-Rolf et al., 2024, Cell 187, 7394–7413
December 26, 2024 ª 2024 The Author(s). Published by Elsevier I
https://doi.org/10.1016/j.cell.2024.10.044
Authors

Amanda Andersson-Rolf, Kelvin Groot,

Jeroen Korving, ...,

Alexander van Oudenaarden,

Johan H. van Es, Hans Clevers

Correspondence
a.andersson@hubrecht.eu (A.A.-R.),
h.clevers@hubrecht.eu (H.C.)

In brief

Identification of an LGR5 as amarker for a

tripotent stem/progenitor cell of the

human fetal pancreas. Organoids derived

from single LGR5+ cells are capable of

long-term expansion in vitro and

generation of the three main epithelial cell

lineages that make up the mammalian

pancreas.
nc.
ll

mailto:a.andersson@hubrecht.eu
mailto:h.clevers@hubrecht.eu
https://doi.org/10.1016/j.cell.2024.10.044
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2024.10.044&domain=pdf


OPEN ACCESS

ll
Article

Long-term in vitro expansion of a human fetal
pancreas stem cell that generates all three
pancreatic cell lineages
Amanda Andersson-Rolf,1,2,* Kelvin Groot,1,2,9 Jeroen Korving,1,2 Harry Begthel,1,2 Maaike A.J. Hanegraaf,3

Michael VanInsberghe,1,2 Fredrik Salmén,1,2 Stieneke van den Brink,1,2 Carmen Lopez-Iglesias,4 Peter J. Peters,4

Daniel Krueger,1,2 Joep Beumer,6 Maarten H. Geurts,1,2,5 Anna Alemany,7 Helmuth Gehart,8 Françoise Carlotti,3

Eelco J.P. de Koning,3 Susana M. Chuva de Sousa Lopes,7 Alexander van Oudenaarden,1,2 Johan H. van Es,1,2

and Hans Clevers1,2,5,6,10,*
1Hubrecht Institute, Oncode Institute, Royal Netherlands Academy of Arts and Sciences (KNAW), 3584 CT Utrecht, the Netherlands
2University Medical Center Utrecht, 3584 CX Utrecht, the Netherlands
3Department of Internal Medicine, Leiden University Medical Center, 2333 ZA Leiden, the Netherlands
4The Maastricht Multimodal Molecular Imaging Institute, 6229 ER Maastricht, the Netherlands
5Princess Maxima Centre for Pediatric Oncology, 3584 CS Utrecht, the Netherlands
6Institute of Human Biology (IHB), Roche Pharma Research and Early Development, Roche innovation Centre, 4070 Basel, Switzerland
7Department of Anatomy and Embryology, Leiden University Medical Centre, 2333 ZA Leiden, the Netherlands
8ETH Zurich, Institute of Molecular Health Sciences, 8093 Zürich, Schweiz
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SUMMARY
The mammalian pancreas consists of three epithelial compartments: the acini and ducts of the exocrine
pancreas and the endocrine islets of Langerhans. Murine studies indicate that these three compartments
derive from a transient, common pancreatic progenitor. Here, we report derivation of 18 human fetal
pancreas organoid (hfPO) lines from gestational weeks 8–17 (8–17 GWs) fetal pancreas samples. Four of
these lines, derived from 15 to 16 GWs samples, generate acinar-, ductal-, and endocrine-lineage cells while
expanding exponentially for >2 years under optimized culture conditions. Single-cell RNA sequencing iden-
tifies rare LGR5+ cells in fetal pancreas and in hfPOs as the root of the developmental hierarchy. These LGR5+

cells sharemultiplemarkers with adult gastrointestinal tract stem cells. Organoids derived from single LGR5+

organoid-derived cells recapitulate this tripotency in vitro. We describe a human fetal tripotent stem/progen-
itor cell capable of long-term expansion in vitro and of generating all three pancreatic cell lineages.
INTRODUCTION

The mature pancreas performs two distinct functions: acinar cells

of the exocrine pancreas secrete digestive enzymes, which are

transported to the duodenum through ducts formed by ductal

cells, while endocrine cells secrete their hormones into the circu-

lation.1 Murine in vivomodel systems have providedmost insights

into pancreatic development, including the identification of a sin-

gle multipotent progenitor for the three main cell lineages.2–6

Culturing of such progenitors from both embryonic7,8 and

adult mice9,10 has been attempted but has so far not allowed

their long-term expansion. The study of human pancreas biology,

prompted by human-mouse differences,11–13 has historically

been restricted largely to morphological approaches.11,14,15

Recent transcriptome studies have delineated potential differenti-

ation trajectories,16–19 while differentiation protocols of human
7394 Cell 187, 7394–7413, December 26, 2024 ª 2024 The Author(s).
This is an open access article under the CC BY-NC license (http
pluripotent stem cells (hPSCs) have provided insights particularly

toward generating b cells.20–25 In these human studies, multipo-

tent progenitor status is typically inferred indirectly based on mu-

rine marker genes.

Organoid technology allows modeling of organ development

and maintenance in a dish.26,27 Organoids can be grown either

from induced PSCs (iPSCs) or from tissue-resident stem cells

(TSCs). Research on the development, physiology, and pathol-

ogy of the human pancreas would benefit from the availability

of in vitro experimental platforms that faithfully replicate the

cellular heterogeneity of the pancreas. Most state-of-the-art

model systems focus on the generation of the insulin (INS)-pro-

ducing b cell because of its involvement in diabetes. These

model systems typically start from iPSCs20–25 or employ

transdifferentiation of other endocrine,3,28,29 mesenchymal,30

or endodermal cell lineages.31–34 A recent study describes
Published by Elsevier Inc.
://creativecommons.org/licenses/by-nc/4.0/).
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steps toward the creation of whole pancreatic organoids from

iPSCs. These organoids consist of progenitors as defined by

marker analysis (but also contain mesodermal elements) and

are capable of expanding over three passages.17 While PSC-

derived pancreatic progenitor spheroids can be passaged for

longer time periods, they are restricted to the endocrine lineage

as their main use has been in the generation of b cells.35–38

We have previously established organoids from adult mouse

and human primary pancreas TSCs.39,40 While these organoids

can be cultured long-term, they remain fated toward the ductal

lineage in vitro, and both acinar and endocrine cells are absent.

This ‘‘in vitro unipotency’’ also holds true for the recently estab-

lished murine islet organoids, which are restricted to the endo-

crine lineage.41 Attempts to generate organoids from fetal hu-

man pancreatic tissue have had limited success as these have

not been cultured long-term, lack acinar cells, and display limited

capacity to generate endocrine cells.17,42,43 Furthermore, the ex-

istence of a human tripotent stem/progenitor cell remains to be

established.44–46 Here, we aim to generate an in vitromodel sys-

tem from naturally specified fetal pancreas TSCs that mirrors the

complexity of the epithelial pancreas.

RESULTS

Long-term culture of hfPOs
Human fetal pancreatic tissue from the first and second trimes-

ters (obtained under informed consent) was processed and

embedded in a basement membrane extract (BME) matrix

(Figure 1A). Of note, the two latest lines were established in

BME (Cultrex), but the others in Matrigel. We tested �40 com-

pound combinations and variations on the original medium for

human adult pancreatic organoids (haPOs)39,40 (Table S1). After

3 days, small cystic structures appeared under most medium

conditions (Figure 1B). After 10–14 days, we observed the

appearance of dark, budding grape-like structures in only one

of the media, hereafter called human fetal pancreas organoid

(hfPO) medium (see STAR Methods and Table S1 for its compo-

sition). To prevent the slower-growing budding organoids from

being outcompeted by the fast-growing cystic organoids, we re-

sorted to manual picking. Repeated handpicking yielded homo-

geneous budding organoid lines at later passages, while cystic

organoids remained homogeneous with no de novo appearance

of budding organoids. Cystic organoids grew to a size range

of �250–500 mm and could be passaged 1:4–1:6 every 10–

15 days. Budding organoids reached a size range of 150–

350 mm and could be passaged 1:3–1:5 every 20–30 days. Of

note, budding organoids occasionally gave rise to cystic organo-

ids upon passaging (which were removed by subsequent
Figure 1. Establishment of hfPOs

(A) Workflow of hfPO establishment.

(B) Representative images of hfPO1 outgrowth over time. White arrowheads indi

(C) Representative bright-field images of established hfPO lines cultured in hfPO

(D) Success rate of hfPO establishment from the first and second trimesters. NG

(E) Representative images of hfPO lines from 8, 15, and 17 GW fetal pancreas tis

(F) Time in culture of hfPO lines. Darker blue lines: budding hfPO lines. Light blue

(G) Representative hematoxylin and eosin staining and immunohistochemical stain

and 17 GW. Scale bars, 500 mm (B), (C), (E), and (G); scale bars, 500 mm for all b

7396 Cell 187, 7394–7413, December 26, 2024
picking). Organoids were karyotyped after 6 months in culture.

One cystic line showed an abnormal karyotype and was

excluded from further experiments. The same line also displayed

a significantly faster growth rate compared with other lines.

A small biobank of 18 hfPO lines (Table S2) was established

from 20 independent tissue samples spanning gestation weeks

(GWs) 8–17 (Figures 1C, 1D, and S1A–S1C). Budding organoids

only appeared in cultures derived from the 14–16 GWs samples

(Figures 1E and S1A). Of note, the GW 14 line was only derived

toward the end of the study and was not further characterized.

hfPOs of both morphologies could be cultured long-term (>2

years) with no change in growth speed (Figures S1E and S1F),

with the exception of one cystic line showing a decrease in

growth speed 3 months before coming to a halt after 2.3 years

in culture. The ‘‘oldest’’ budding line has been in continuous cul-

ture for �3 years (Figure 1F; Table S2). hfPOs lines were tested

for their ability to grow after being frozen for 2.5 years. Following

initial recovery characterized by slightly lower growth speed

(thawed organoids required an additional 5–7 days to reach their

‘‘passage ready’’ size), the organoids resumed their normal pro-

liferation rate (Figure S1C). Organoids frozen as small fragments

showed higher recovery rates compared with the same line

frozen as single cells. Histological analysis of the organoid

lines suggested that budding organoids more closely recapitu-

lated fetal tissue architecture than cystic organoids did. Encour-

agingly, we observed the presence of rare chromogranin-A

(CHGA, a marker of endocrine cells)-positive cells, exclusively

in the budding organoids (Figures 1G and S1D).

Budding organoids express acinar progenitor markers
After confirming widespread expression of the pancreatic

marker gene PDX1 (Figure S2A) in all tested hfPO lines, we aimed

to assess the difference between budding and cystic hfPOs.

Budding and cystic hfPOs from the same line (hfPO1, hfPO2,

hfPO5) and cultured in the same (hfPO expansion) medium, as

well as hfPOs from purely cystic lines (hfPO7, hfPO8) were

manually isolated and analyzed by bulk mRNA sequencing

(mRNA-seq) (Figure 2A, S2B, and S2C). Transcriptome profiles

demonstrated that cystic and budding hfPOs clustered

separately (Figure 2B). Differential gene expression analysis

showed that expression of acinar markers (carboxypeptidase

A1 [CPA1], RBPJL, and PTF1A) was more prominent in budding

hfPOs, whereas expression of ductal markers (keratin 7 [KRT7],

mucin 1 [MUC1], and CEACAM6) was lower in comparison to

cystic hfPOs (Figures 2C and 2D). We observed expression of

endocrine markers (NEUROG3, CHGA, and CHGB) in budding

hfPOs (Figure 2D). Notably, neither hfPOs derived from younger

(8 GWs) nor older (17 GWs) fetal tissue samples expressed
cate budding organoids.

medium.

, no growth.

sue seeded in haPO and hfPO medium.

lines: cystic hfPO lines. Each symbol represents a passage.

ing for CHGAof human fetal pancreas tissue (15GW) and hfPO lines from 8, 15,

ut hfPO19, 20, and 21, where it is 100 mm. See also Figure S1 and Table S1.
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Figure 2. Budding hfPOs are distinct from cystic hfPOs

(A) Schematic of experimental approach.

(B) Principal-component analysis (PCA) plot of budding and cystic hfPOs.

(C) Transcriptional changes between budding and cystic hfPOs cultured in hfPOmedium. Log2 fold change on the x axis and the�log10 adjusted p value on the y

axis. p value of 0.05 and fold change of 2 are indicated by gray lines.

(D) Heatmap of differentially expressed genes (DEGs) of the acinar, ductal, and endocrine lineages between cystic and budding hfPOs cultured in hfPO medium.

(E) RT-qPCR analysis of KRT7, KRT19, CHGA, CPA1, and PTF1A in hfPOs derived from tissue samples of 8 GW cystic organoid (hfPO8), 15 GW budding, and

cystic organoids (hfPO1 and hfPO4), minimum two wells from each line, technical triplicates. Each symbol is an individual well and 17 GW cystic organoids

(hfPO7) cultured in hfPO medium. Each symbol represents an organoid line. Data for each line is from two different wells, and then technical triplicates. Data are

represented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. For bulk-seq analysis (A–E), n = 3 (hfPO1, 2, and 5) for budding organoids and n = 5 for cystic

organoids (hfPO1, 2, 5, 7, and 8). See also Figure S2.
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acinar or endocrine progenitor genes. Also, hfPOs from 15 to 16

GWs samples cultured in the original haPO medium did not ex-

press acinar or endocrine progenitor genes (Figure 2E). Thus,

haPO medium supported a ductal fate, whereas the hfPO me-

dium allowed the expression of markers of all three pancreatic

cell lineages, yet uniquely in 15–16 GWs-derived organoid lines.

As organoid lines consisting of ductal cells have been estab-

lished previously, we henceforth decided to focus on the

budding lines from 15 to 16 GWs.

hfPOs generate cells of the acinar lineage
Acinar cells have proven notoriously difficult to culture long-

term. Following isolation, mature acinar cells are either short

lived47 or transdifferentiate into ductal cells.47–49 To date, few hu-

man iPSC-based differentiation protocols exist for generating

acinar cells in vitro,50 and no protocol allows long-term co-exis-

tence of acinar, ductal, and endocrine cells. To our knowledge,

no in vitro culture system exists that supports the de novo gen-

eration and subsequent differentiation of acinar cells from hu-

man TSCs.

Given the expression of acinar progenitor markers in hfPO cul-

tures, we sought to promote further maturation into acinar cells

able to produce digestive enzymes. To enable easy visualization

and quantification of acinar cell formationwithout terminating the

culture, we applied CRISPaint51,52 to C-terminally tag the acinar

genes CPA1 and PTF1A with the fluorescent protein tdTomato,

preceded by a P2A self-cleaving peptide. This also allowed for

subsequent isolation and analysis of cells expressing these

acinar genes (Figures 3A and S3A–S3F). Following exposure of

hfPOs to a growth factor-depleted differentiation medium

(hfPO-AC) medium for 7 days, an increase of both gene expres-

sion levels as well as the number of CPA1+ and PTF1A+ cells

was observed using fluorescence microscopy and fluores-

cence-activated cell sorting (FACS) analysis (Figures 3B,

3C, and S3G). This was further confirmed by bulk mRNA-seq

(Figures 3C and S3G–S3I), which revealed upregulation of genes

related to acinar cells (Figure S3I) as well as expression of diges-

tive enzymes (e.g., CTRB/C, CEL, and CEL2A/3A) (Figure 3C).

More mature acinar cells are characterized by the presence of

dark zymogen granules, in which digestive enzymes are stored

pre-release.53,54 To determine whether differentiation of hfPOs

led to the formation of such granules, we performed transmis-

sion electron microscopy (TEM). This revealed the presence of

secretory vesicles as a further sign of maturation (Figure 3D). Im-

munogold revealed that some of these vesicles were positive for
Figure 3. hfPOs differentiation toward the acinar lineage

(A) Workflow to generate hfPO reporter lines.

(B and C) Ridge plots showing the expression of CPA1 (B) and PTF1A (C) as mea

(Low), or high (High) expression of the reporter. PTF1A reporter generated in hfP

reporter generated in hfPO2, experiment repeated for 3 reporter clones, and for

(D) Heatmap of differentially expressed acinar and ductal genes in expansion (n= 5

differentiation (n = 3 different clones from the PTF1A reporter hfPO1 line cultured

CHGB were detected, with an increased expression of CHGA upon differentiatio

(E) TEM images of hfPOs cultured in hfPO and hfPO-AC medium (representative

(F) Immunofluorescence of CPA1 reporter organoids in hfPO and hfPO-AC medi

(G amnd H) Bar graph showing the trypsin concentration (G) lipase activity (H) in s

differentiation (hfPO-AC) medium. Three biological replicates, technical duplicate

right; 100 nm, bottom right (D); 250 nm, top left; 125 nm, bottom left (D); and 50
the digestive enzyme CPA (Figure S3J). Additionally, whole-

mount immunofluorescence was used to visualize CPA1+ and

PTF1A+ cells and confirm protein expression (Figures 3E

and S3K). We observed some PTF1A-tdTomato+ and CPA1-

tdTomato+ cells under hfPO expansion medium conditions (Fig-

ure S3K). This was not unexpected, as PTF1A is known to be ex-

pressed by some pancreas progenitor and acinar progenitor

cells, yet at a lower level compared with more mature acinar

cells.55–57 Together, this confirmed differentiation along the

acinar lineage. We observed increased expression of the diges-

tive enzymes trypsin, RNase, lipase, chymotrypsin (CTRC), and

chymotrypsin-like elastase 3A (CELA3A) at protein level (Fig-

ure 3F) as well as an increase of the numbers of cells expressing

digestive enzymes (Figures S3L–S3N). Enzyme secretion for

trypsin and lipase was assessed by ELISA and enzyme activity

assay. We noted a significant increase in trypsin upon differenti-

ation. While lipase was secreted under both expansion (hfPO

medium) and differentiation (hfPO-AC) medium, the enzyme ac-

tivity did not change significantly between the two conditions.

hfPOs generate cells of the endocrine lineage
The presence of rare CHGA+ cells in expansion medium sug-

gested that the hfPOs also can generate endocrine cells. To

investigate this further, we took inspiration from previously pub-

lished hPSC b cell differentiation protocols20,21,58 (hfPO-EC me-

dium). To enable identification and isolation of endocrine cells

following differentiation, we first generated endocrine reporter

hfPO lines (Figures 4A and S4A). Following selection and expan-

sion of clonal CHGA-hfPO reporter organoids, we observed rare

dTomato+ cells in expansion medium. This number increased

�5–103 following 7–10 days in hfPO-EC medium (Figures 4B

and S4B). By mRNA bulk-seq, hfPOs cultured in expansion vs.

differentiation medium clustered separately (Figures 4C, S4C,

and S4D), and genes involved in pancreatic endocrine function

were upregulated in differentiation medium (Figure S4E). We

observed increased expression of CHGA as well as appearance

of mRNAs for the pancreatic hormones GCG, INS, somatostatin

(SST), GHRL, and PPY (Figures 4D and 4E). Furthermore, TEM

demonstrated the presence of vesicles characteristic of endo-

crine cells (Figures 4F and S5F). Immunofluorescence revealed

the presence of poly- and mono-hormonal cells (Figure 4G). Of

note, immature endocrine cells are known to be polyhormonal.59

Expression of the endocrine-lineage master transcription factor

NEUROG360 further supported ongoing neogenesis of early

endocrine cells (Figures 4D, 4E, and S4). The potency of the
sured by tdTomato fluorescence and quantification of negative (Neg), medium

O1 and hfPO2, experiment repeated twice, two clones from each line. CPA1

two clones, the experiment was performed twice.

different PTF1A reporter lines cultured in hfPO expansionmedium) or hfPO-AC

in hfPO-AC medium). Of note, for the endocrine-related genes only CHGA and

n. CHGB remained unchanged.

images from n = 4).

um (hfPO1 line, experiment repeated 3 times).

upernatants, measured by ELISA, from hfPOs cultured in expansion (hfPO) and

s. Data are represented as mean ± SD. **p < 0.0035. Scale bars, 500 nm, top

and 12.5 mm, inserts E100 mm (F). See also Figure S3.
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hfPOs to generate endocrine cells persisted in culture, as RT-

qPCR showed that hfPOs could still generate INS-producing

cells after 2 years in vitro expansion (Figure 6K). Accordingly,

rare CHGA-P2A-tdTomato+ cells remained present in expansion

conditions during these 2 years. As organoids differentiate and

mature, their proliferative capacity tends to decrease.61 This

held true also for hfPOs, as the number of proliferative MKI67+

cells decreased upon culture in hfPO-AC and hfPO-EC medium

(Figures S4G and S4H), whereas the number of CHGA+ (endo-

crine marker) cells increased upon differentiation (Figures S4I–

S4L). Finally, ELISA for c-peptide showed that hfPOs are able

to produce and secrete c-peptide upon differentiation (Fig-

ure 4H). Together, this supported that hfPOs are able to generate

more differentiated endocrine cells.

hfPO cells recapitulate key aspects of primary human
fetal pancreas tissue
To determine if hfPOs recapitulate human fetal pancreas tissue,

we performed vast transcriptome analysis of single cells by dA-

tailing (VASA-seq), an single-cell RNA sequencing (scRNA-seq)

technology that provides full transcriptome spliced and un-

spliced transcript reads.62 As VASA-seq utilizes 384-well cell

capture plates following FACS sorting, the total number of cells

is lower compared with those commonly generated by 103.

However, the spliced/unspliced transcript information is crucial

for unbiased analysis using trajectory inference algorithms

such as Velocity62 and scVelo.63 We compared the transcrip-

tome of our hfPOs grown in hfPO- or hfPO-EC medium to pub-

lished human fetal pancreas tissue datasets16,18 derived from

comparable stages of development (Figures 5A and S5A). As

hfPOs contain only epithelial cells (mesenchymal cells are lost

during the initial passages), we extracted the epithelial cells

from the published datasets by removing mesenchymal, endo-

thelial, and immune cells.16,18

Following quality control (Figures S5A and S5B), the three da-

tasets weremerged into a final dataset containing 11,755 cells of

which hfPOs represented almost 20% (Figure 5A). Dimensional

reduction demonstrated high overlap between hfPOs and fetal

tissue cells. The Xu dataset18 contains samples covering a broad

range of GWs, and, as expected, the hfPOs showed best overlap

with time points closest to the fetal tissue sample from which the

organoids were derived (Figures 5B and S5C–S5E). Conse-

quently, we selected those time points (14 and 16 GWs) for in-

depth analysis. Unsupervised hierarchical clustering identified

four main clusters. Three of these clusters corresponded to the
Figure 4. hfPOs can be differentiated toward the endocrine lineage

(A) Schematic of hfPO CHGA reporter generation.

(B) Representative bright-field and fluorescent images of a CHGA-P2A-tdTom h

(C) PCA plot of hfPO lines cultured in hfPO- and hfPO-EC medium.

(D) Transcriptional changes between hfPOs cultured in hfPO- and hfPO-ECmediu

p value of 0.05 and a fold change of 2 are indicated by gray lines.

(E) Heatmap of DEGs of the acinar, ductal, and endocrine lineages in hfPO and h

(F) Representative TEM images of hfPO1 cultured in hfPO-EC medium (repeated

(G) Confocal images of hfPO1 organoids cultured in hfPO- and hfPO-ECmedium, s

somatostatin (representative images from n = 3, for the CHGA reporter, 3 differe

(H) Concentration of c-peptide in organoid supernatant. Data are represented asm

(bottom) for the left panels; 2550 nm (top) and 100 nm (bottom) for the right pane

CHGA reporter clones were used. The endocrine-lineage master transcription fa
three main pancreatic cell lineages, whereas the fourth cluster

expressed progenitor markers such as SOX9 and PROM1

(Figures 5C and 5D). Cells from each dataset contributed to all

clusters, with the hfPO cells showing a relatively higher contribu-

tion to the progenitor cluster (Figure 5E) (unsurprisingly so, since

continuous TSC-derived organoid culturing specifically drives

stem/progenitor cells).

Marker genes for known murine pancreas multipotent

progenitor cells (HNF1b, GP2, GATA4/6, PDX1, SOX9) were ex-

pressed by hfPO cells in the stem/progenitor cluster as well as

by stem/progenitor cells from the two human fetal pancreas da-

tasets16,18 (Figures 5D and S5F). In accordance with previous

studies,14,55–57,64 expression of PTF1A and CPA1 was lower in

the progenitor cell cluster with higher levels observed in the

acinar cell, coinciding with expression of digestive enzymes

(PRSS1, CEL, CELA3A). This supported the presence of acinar

progenitors (Figures 5D and S5E). GP2, a reported marker

for murine multipotent progenitor cells and, at later stages, for

acinar cells65,66 displayed a similar expression pattern (Fig-

ure S5G). The transcription factors GATA4/6 also exhibited the

expected expression pattern: Initially being co-expressed at

low levels, GATA4 increased and became restricted to the tip

(acinar) compartment, whereas GATA6 localized to the trunk

(ductal and endocrine) compartment67 (Figures 5D and S5G).

Importantly, comparison of the cell lineage composition of the

pancreatic epithelium from adult68,69 and fetal19,70 pancreas tis-

sue to that of the hfPOs (cultured in expansion hfPO medium)

showed that the proportion of the different cell lineages of the

hfPOs more closely resembled fetal pancreas tissue (Figure 5F).

Genes related to the acinar lineage identity and function (such as

PRSS1, CEL, and CTRC) were among the most differentially

expressed genes between adult and first-trimester fetal tissue

(Table S3). These genes were also among the most differentially

expressed genes when comparing adult tissue to hfPOs

(Table S4).

To compare our hfPOs to fetal and adult pancreas tissue, we

performed immunohistochemical stainings (Figure 6A). This re-

vealed both structural and marker gene expression differences.

Overall, hfPOs were more similar to fetal tissue, especially in

their higher KRT19 expression as well as the scattered expres-

sion of CHGA, while, in comparison, CHGA was restricted to the

islets in the adult tissue. Fetal tissue expressed almost no lipase

and RNase. However, upon differentiation, hfPOs upregulated

the expression of lipase and RNase, making them more similar

to adult tissue (although absolute levels of expression remained
fPO1 reporter line.

m. Log2 fold change on the x axis and the�log10 adjusted p value on the y axis.

fPO-EC medium.

twice and in 3 different lines). White arrows point at vesicles.

tained for DAPI, phalloidin, and the endocrine hormones insulin (c-peptide) and

nt clones per line).

ean ±SD. *p< 0.0045. Scale bars, 500 and 200 mm (B), 200 nm (top), and 50 nm

ls; N, nucleus (F), 50 mm (G). For the bulk-seq analysis (C–E), 3 different hfPO1

ctor NEUROG3 is indicated with an orange asterisk. See also Figure S4.
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lower). Immunofluorescence of fetal tissue and hfPOs showed

the presence of both acinar and ductal cells, with the appear-

ance of acinar cells predominantly appearing in the budding

structures (Figure 6B).To further assess the similarity of the

different cell lineages generated in culture to those of the fetal

and adult pancreas on the transcriptome level, we included a

published dataset of healthy human adult pancreas.71 Again,

we excluded non-epithelial pancreatic cells (mesenchymal,

neural, and blood cells) from the tissue datasets prior to the

analysis. A panel of markers representing the different pancre-

atic cell lineages was compiled based on previously published

studies16,17,72–74 (Figures 6C and S6). Following exposure to

hfPO-AC differentiation medium, hfPOs upregulated processes

related to pancreatic secretion and protein digestion and ab-

sorption (Figure S6A). Comparison of acinar cells from hfPOs,

fetal (first and second trimesters), and adult pancreas tissue re-

vealed that overall, the hfPO-generated acinar cells closely

resembled fetal pancreas tissue from the first trimester, both

in terms of the genes being expressed as well as their expres-

sion levels. Fetal tissue from later stages of the second trimester

more closely resembled adult human tissue (Figure 6C). Expres-

sion of the human cationic trypsinogen (PRSS1) was highest in

acinar cells from the late second trimester and adult tissue (Fig-

ure S6B). However, it was also more highly expressed in hfPOs

compared with first-trimester and early second-trimester fetal

tissue, as seen at transcript- and protein level comparing fetal

tissue and hfPOs (Figure 6C). In addition, hfPOs were able to

produce other digestive enzymes such as serine protease

chymotrypsinogen B1 (CTRB1), CTRB1, and the CELA3A

(Figures 6A and S6B). XBP1 showed a similar expression level

pattern, indicating that while hfPO-derived acinar cells overall

mimic first-trimester fetal tissue, some cells representing later

stages of development can be present. A previous study has

shown that adult acinar cells commonly express either PRSS1

or REG3A and that double expressers are rare.75 To investigate

whether this heterogeneity was already present during early

development of the human pancreas, we further subclustered

hfPO-derived acinar cells. This did not result in distinct clusters

based on PRSS1 or REG3A expression. Instead, the majority of

the acinar cells co-expressed PRSS1 and REG3A, with a smaller

fraction expressing only PRSS1. Although not mutually exclu-

sive, higher expression levels of a certain group of digestive en-

zymes correlated with a lower expression of other enzymes. For

example, cells expressing high levels of elastases such as CE-

LA3A/B expressed lower levels of trypsinogens such as

PRSS1/2 and vice versa (Figure S6C). Together, these results

indicated that hfPO-generated acinar cells recapitulate the

endogenous first-trimester acinar cells yet were able to produce

different digestive enzymes similar to those of later-stage fetal

tissue.
Figure 5. hfPOs recapitulate human fetal tissue at single-cell transcrip

(A) Relative contribution of each individual scRNA-seq dataset to the final datase

(B) UMAP of the merged scRNA-seq dataset showing sample origin (tissue or or

(C) UMAP visualization of cell clusters (acinar, ductal, endocrine, and progenitor

(D) Feature plots showing the expression of marker genes related to the clusters

(E) Relative contribution of each dataset to each cluster.

(F) Percentage (%) of the different pancreatic cell lineages in hfPOs, fetal (13–15
hfPO-derived ductal cells closely resembled first-trimester-

tissue-derived ductal cells (Figure 6D) and produced MUC1.

Known for being one of the most predominantly expressed mu-

cins of normal pancreatic ducts, MUC1 serves as a protective

barrier in order to maintain the structural integrity of the ductal

epithelial lining.76,77 As in fetal tissue, MUC1 located on the api-

cal membrane in the hfPOs (Figures S6B and S6D). Cystic orga-

noids consisted entirely of ductal cells, as seen by the expres-

sion of the ductal marker KRT19 and the absence of the acinar

marker CPA1. In the rare cases where acinar cells were present

in cystic organoids, they were positioned in ‘‘folded’’ areas

(Figure S6D).

Following the trend of the acinar and ductal lineages, hfPO

endocrine cells mimicked those of the first-trimester fetal

pancreas tissue (Figures S6E–S6G). This specifically held also

for hfPO-derived b cells, when assessed for markers related to

adult and fetal beta cells (Figure 6I) as well as for key genes

necessary for b cell function (Figures S6F and S6G). The ability

of hfPO-derived b cells to produce INS was further confirmed

at transcriptome and protein level (Figures 6F and 6G). Unsur-

prisingly, the expression level of INS was higher in adult

tissue compared with that in fetal tissue and hfPOs (Figure 6G).

Yet, the levels of endocrine progenitor markers NEUROG3

and FEV were higher in the organoids, indicating active genera-

tion of new endocrine cells. Overall, these data support the

notion that hfPOs phenocopy the fetal state in terms of transcrip-

tome profiles and digestive enzyme, mucous, and hormone

production.

LGR5 marks human tripotent stem cells
The ability of hfPOs to be cultured long-term, combined with

their capacity to be fated toward ductal, acinar, and endocrine

lineages, led us to search for a tripotent progenitor cell. We

generated clonal organoids from single cells. These clonal orga-

noids were expanded and exposed to either hfPO expansion

medium (supporting acinar and ductal progenitors) or hfPO-EC

medium (promoting a more mature endocrine fate) for 10 days

before being subjected to scRNA-seq (Figure 7A). Post-quality

control, the VASA-seq dataset, comprising reads from two indi-

vidual clones, contained 2,458 cells, which separated into five

main clusters representing progenitor, acinar progenitor, acinar,

ductal, and endocrine cells (Figures 7B and S7B–S7E). Subclus-

tering of the endocrine cluster allowed discrimination of endo-

crine progenitor genes (e.g., NEUROG3, NEUROD1, and FEV)

and the different endocrine subtypes. In addition to b cells, we

also observed, e.g., d and ε cells and their respective transcrip-

tion factors (MAFA, HHEX, and PAX6, respectively) (Figure S7F).

The presence of NEUROG3+ cells agreed with the results of

the previous bulk RNA-seq results and further supported the

notion that the endocrine cells are generated de novo via
tome level

t.

ganoids) (left) and different datasets (right).

).

.

GW), and adult tissue. See also Figure S5.
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neogenesis rather than mitosis of pre-existing endocrine-fated

cells. Analysis of the scRNA-seq endocrine cell clusters showed

that�50% of the cells within the cluster were endocrine progen-

itors. Thus, endocrine progenitors as well as more differentiated

single hormone-producing cells co-existed upon exposure of

hfPOs to differentiation medium (Figure S7G). This was further

supported at protein level by the presence of polyhormonal

(SST and c-peptide double-positive endocrine cells) as well as

single hormonal cells (Figure 4H). Polyhormonal endocrine cells

are known as transient, immature endocrine cells present during

development.59,78

We then sought to reveal the identity of the tripotent stem

cell. As dimensional reduction and its uniform manifold approx-

imation and projection (UMAP) representation do not provide

directionality with regards to lineage differentiation, we ex-

ploited the fact that VASA-seq provides spliced and unspliced

transcript reads (Figure S7G). This allowed unbiased scVelo

pseudotime analysis. While predicting that the ‘‘early time

point’’ corresponded to the progenitor cluster and that later

time points corresponded to the clusters representing the

different cell lineages, pseudotime analysis gave no information

regarding progenitor heterogeneity or potential hierarchy (Fig-

ure S7H). To further investigate progenitor trajectories hetero-

geneity, we utilized the VASA-seq data for analysis by RNA ve-

locity.63,79 Trajectory inference analysis generated arrows

originating from the progenitor cluster and pointing toward

each of the three main lineage clusters (Figure 7B), suggesting

a differentiation route originating from the top part of the pro-

genitor cluster. Further subclustering of the progenitor cluster

revealed that cells belonging to the top part of the cluster ex-

pressed high levels of two generic epithelial stem cell markers,

leucine-rich repeat-containing G-protein coupled receptor 5

(LGR5) and TNF receptor superfamily member 19 (TROY) (Fig-

ure 7C), first discovered in intestinal stem cells.80,81 Of note, we

have shown previously that LGR5+ cells appear following injury

of the adult pancreas.40 These markers, especially LGR5, ap-

peared more restricted to the initial progenitor state (based

on velocity analysis and gene expression levels) than the ‘‘clas-

sical’’ fetal pancreas progenitor markers (PROM1,82

GP2,65,83,84 HNF1b,85 PDX1,5 SOX986,87), which were ex-

pressed much more broadly and typically increased going

from LGR5+ to LGR5� compartments (Figures S8E and S8F).

Although PTF1A and GP2 are known multipotency markers in

mice, they were not among the top 50 most highly expressed

in the LGR5+ cells, thus indicating that species-specific differ-

ences might exist.
Figure 6. hfPOs recapitulate human fetal pancreatic tissue

(A) Immunohistochemical stains comparing adult and fetal pancreatic tissue to h

(B) Representative confocal images of human fetal pancreatic tissue and hfPOs st

100 and 20 mm for zoom in. All IHC stainings, but MUC1, were performed on fet

(C–E) The MUC1 staining was performed on fetal tissue from 16 GW. Expression

cells (E). Shading displays mean expression (counts per million [CPM], log sc

expression (CPM, log scaled), and diameter denotes fractional expression.

(F) Representative confocal images of human fetal pancreatic tissue and hfPOs s

and 25 mm for zoom in. hfPO 25 and 12.5 mm for zoom in.

(G) RT-qPCR analysis of insulin (INS) of hfPOs in expansion (hfPO) and differentia

control (tongue), adult pancreas tissue commercially available pooled RNA from 5

control and adult pancreas tissue, technical replicates). Scale bars, hfPOs, 100 m
Before assessing the potency of LGR5+ and TROY+ cells

in vitro, we investigated their presence in human fetal pancreas

tissue using scRNA-seq analysis. LGR5+ cells were present

within the scRNA-seq progenitor cluster, in a pattern that again

suggested that LGR5+ cells sit at the root of the stem cell

hierarchy (Figure S7I). During pancreatic organogenesis, multi-

potent progenitor/stem cells are expected to be most abundant

at the early stages when organ growth is most rapid. Indeed,

LGR5 expression followed this temporal expression (Fig-

ure 7D). Consistent with previous studies, LGR5 and TROY

were not expressed in healthy adult tissue. In situ hybridization

by RNAScope visualized LGR5+ and TROY+ cells in fetal tissue

(Figure 7E). The specificity of the LGR5 RNAScope probe was

confirmed on human colon tissue (Figure S7J). Transcriptome

comparison of LGR5+ and LGR5� cells showed that SMOC2,

TROY, and ZNRF3 were among the most upregulated genes

in the LGR5+ population (Table S5). Additionally, LRIG188 and

RNF43 were also expressed (although not among the top 50

most differentially expressed genes). These genes are key

determinants of LGR5+ stem cells in the adult intestine.81,89,90

TROY and LRIG1 also mark multipotent stem cells of the adult

stomach91 and epidermis,88 respectively.

Since LGR5 surface staining is not possible due to vanish-

ingly low surface expression levels (in contrast to TROY), we

generated reporter LGR5-P2A-tdTomato reporter hfPO lines

(Figure 7F) to be able to assess lineage potential following

outgrowth of FACS-sorted individually seeded cells. The

LGR5 reporter organoid lines were maintained and passaged

similarly to reporter-negative lines, and LGR5+ (tdTomato+)

cells could be observed in the subsequent passages, showing

that the LGR5+ cells could be expanded long-term (current

passage number post clonality and genotyping is 11). To

assess lineage potential, we first seeded single LGR5-P2A-

tdTomato+ and FACS-sorted TROY+ cells to assess their

organoid-forming capacity, used as a proxy for stemness (Fig-

ure 7G, outgrowth assessed at step 3). LGR5+ cells showed

a significantly higher organoid-forming capacity compared

with TROY+ cells (21% compared with 4.3%, respectively) as

well as to LGR5� and TROY� cells (2.2% and 1%, respectively)

(Figures 7H, S7K, and S7L). Notably, while LGR5� and TROY�

cells did form some organoids post-seeding, these typically did

not continue to proliferate or form new organoids after the first

passage. By contrast, the majority (�95%) of the LGR5+ cells

and (�80%) TROY+ continued to proliferate and form new or-

ganoids post passaging.
fPOs.

ained for DAPI, keratin 19 (KRT19), and carboxypeptidase A (CPA). Scale bars,

al pancreas tissue of 15 GW.

profiles for key marker genes for the acinar (C), ductal (D), and endocrine beta

aled), and diameter denotes fractional expression. Shading displays mean

tained for DAPI, c-peptide, and somatostatin (SST). Scale bars, fetal tissue 50

tion (hfPO-EC) medium. Two different hfPO lines were used. For the negative

different donorswas used. Data are represented asmean ±SD (for the negative

m, fetal and adult tissue, 50 mm. See also Figure S6.
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Following organoid formation, single-cell-derived LGR5 clonal

organoids were expanded and exposed to either hfPO expan-

sion medium (supporting acinar and ductal progenitors) or the

hfPO-EC medium to promote endocrine/acinar differentiation

for 10 days (Figure 7G). RT-qPCR showed that hfPO-ECmedium

increased the endocrine and acinar markers CHGA and CPA1,

while simultaneously decreasing expression of the ductal marker

KRT19. In hfPO medium, markers of all three lineages were ex-

pressed, although CHGA levels were very low, consistent with

the rare occurrence of CHGA+ cells under expansion conditions

(Figures 7I–7K; Table S6). We confirmed these observations by

whole-mount immunofluorescence confocal imaging of clonal

CHGA reporter hfPO lines stained for KRT19 and pan-CPA

(Figures 7L and S7M).

To assess the ability of hfPOs to also give rise to the threemain

pancreatic cell lineages in vivo, we transplanted hfPOs grown in

expansion medium for 2 weeks post-split into the fat pad of NSG

mice. We transplanted three independent organoid lines and

observed an overall engraftment rate of 75% 8 days post trans-

plantation (9/12 mice), and the presence of human cells was

validated by immunohistochemistry (IHC) staining of human

nuclear antigen (Figure 7N). Immunofluorescence stainings for

ductal (KRT19), acinar (CPA), and endocrine (CHGA) markers

confirmed the presence of the three main cell lineages (Fig-

ure 7N). Taken together, single LGR5+ stem cells are capable

of giving rise to hfPOs containing all three pancreatic cell

lineages.

To further characterize the hfPOs derived from LGR5 reporter-

positive cells, we compared them to hfPOs derived from the

bulk human fetal pancreatic tissue in terms of yield (Figure S8A),

post-split morphology (Figure S8B), and plating efficiency (Fig-

ure S8C). Overall, we did not detect any significant difference be-

tween LGR5-derived hfPOs and hfPOs derived from fetal tissue.

Also, upon differentiation, LGR5-derived hfPOs (just like the

hfPOs from fetal pancreas tissue) showed an increase in the

expression of endocrine and acinarmarker genes, also at protein

level (Figure S8D).
Figure 7. LGR5 marks tripotent human pancreatic progenitors
(A) Schematic image of generating single-cell-derived hfPO scRNA-seq data.

(B) RNA velocity estimates (arrows) plotted on a UMAP with clusters. The transcr

the arrows points toward the velocity future state of the cell based on velocity ca

(C) UMAPs showing the expression of LGR5 and TROY as well as the classical p

(D) Percentage of Lgr5� and Lgr5+ cells in the different datasets of different deve

(E) Confocal images of adult and human fetal tissue (15.5 GW) stained for DAPI and

different adult tissues and n = 2 different fetal tissues of 15.5 and 15.8 GWs).

(F) Representative bright-field and fluorescent images of an LGR5-P2A-tdTom re

(G) Workflow to address tripotency. Following FACS sorting, single cells are cul

clonal organoid lines. The clonal lines are expanded before being exposed to

medium) pancreatic organoid medium.

(H) Bar graphs showing organoid-forming efficiency of FACS-sorted LGR5� and

(I–K) RT-qPCR analysis of CPA1, KRT19, and CHGA in FACS-sorted Lgr5 single-

represented as mean ± SD. **p < 0.0085, ****p < 0.0001. Negative control tissue

used.

(L) Representative confocal images of a single-cell-derived hfPO whole mount s

(M) Representative immunohistochemical images of H&E and human nuclea

transplantation.

(N) Immunofluorescent stainings against ductal (KRT19), acinar (CPA), and endo

and zoom in 25 (J), 50 (M), and 25 mm (N).

See also Figures S7 and S8.
To test the outgrowth efficiency of LGR5+ cells directly from

primary fetal tissue, we sorted LRIG1+ and TROY+ cells from

14 to 15 GWs primary fetal pancreatic tissue. The outgrowth ef-

ficiency of both LRIG1+ and TROY+ cells was higher compared

with that of LRIG� (Figure S8G) and TROY� (Figure S8H) cells

(all cells were EPCAM+). Of note, the expression pattern of

LRIG1 was broader compared with LGR5, while the outgrowth

efficiency of LRIG1+ cells from primary tissue was not higher

than the outgrowth efficiency of LGR5+ cells sorted from organo-

ids at the 15 GWs time point (Figure S8I).

DISCUSSION

Here, we describe highly stable organoid lines, uniquely derived

from 15 to 16 GWs human fetal pancreas. Such organoid lines

can be grown from single LGR5+ tripotent progenitors, which

maintain their capacity to generate acinar, ductal, and endo-

crine cells (Figure 7). Whereas mouse multipotent progenitors

exist until the third quarter of the pregnancy, human multipotent

progenitors disappear before midterm.1,14,92 Histological

studies and inference from the mouse developmental timeline

have estimated that human tripotent progenitors exist up until

�14 GWs1,14,92; however, our findings would argue that they

may persist until 15–16 GWs. The time window from which

we derive hfPOs containing all main cell lineages likely reflects

the moment of maximal presence of tripotent progenitors. Of

note, we and others have noted that TSC-derived organoids

representing several other organs tend to stay locked in the

regional fate and developmental stage of the tissue from which

they derive.93–99 In line with these findings, hfPOs recapitulate

the natural epithelial complexity of the human fetal pancreas.

In vivo, lobule formation is initiated at �14 weeks, after which

acinar cells with zymogen granules become apparent. Prior to

the 12–14 weeks time point, the pancreas consists almost

exclusively of undifferentiated cells organized in tubules.100

Consistent with this developmental timeline, we observe

expression of multiple digestive enzymes produced by acinar
iption rate (velocity) is represented by the length of the arrows. The direction of

lculations, taking into account all other cells.

rogenitor marker CD133.

lopmental stages.

RNAScope probes against LGR5 and TROY (representative images from n = 3

porter line (representative image from n = 3 clonal lines).

tured in individual drops of extracellular matrix to generate single-cell-derived

expansion (hfPO medium), differentiation (hfPO-EC medium), or adult (haPO

LGR5+ single cells.

cell-derived clones cultured in hfPO- or hfPO-EC medium. n = 3 or 4. Data are

(tongue) from commercially available pooled RNA from 5 different donors was

tained for DAPI, KRT19, pan-CPA, and CHGA (experiment repeated 3 times).

r antigen on transplantation grafts in the mammary fatpad 8 days post

crine (CHGA) markers of organoids present within the graft. Scale bars, 50 mm
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cells, including trypsinogen (PRSS1 and PRSS2), proteases

(CTRB1, CTRB2, and CTRC), and elastases (CELA2A and CE-

LA3A/B).

The identification of LGR5+ cells in primary fetal pancreas tis-

sue as well as in vitro and their consistent assignment to the

earliest progenitor cluster in both cases implies a role as the

most primitive tripotent fetal pancreas progenitors. These cells

preceed the cellular states that are marked by commonly used

markers such as PTF1A, PDX1, SOX9, HNF1b, MNX1, or by

high expression of GATA4/6 and GP2. Most importantly, single

LGR5+ progenitor cells were able to generate organoids contain-

ing the three different cell lineages (acinar, ductal, and endocrine

cells, providing evidence of their tripotency). Of note, LGR580,101

and TROY91,102 are well-established, exquisite markers of

the human small intestine, which generates all cell lineages

of the gut epithelium, including the various enteroendocrine

lineages.91,103,104

We anticipate that the long-term in vitro expansion capacity of

these tripotent pancreas progenitors under defined conditions

and the ease of their genetic modification will complement exist-

ing experimental platforms to study human pancreas develop-

ment, physiology, and disease. Finally, this pancreas organoid

platform may inspire regenerative efforts to restore pancreatic

dysfunction of any of the three cellular compartments, either

by cellular therapy or by targeted treatment with defined growth

factor combinations. Such efforts will involve further improve-

ments of maturation protocols.
Limitations of the study
The hfPOs provide a platform to study the human fetal pancreas

in health and disease and thus require human fetal tissue. Legal

and ethical guardrails around human fetal tissue experimentation

differ between geographies. We show that LGR5+ cells are hu-

man tripotent pancreatic progenitors, yet their exact relation to

other progenitor populations as well as the extent of plasticity

of such populations deserves further investigation. Improve-

ments of maturation protocols will be essential for the generation

of exocrine/acinar and endocrine cells to match those of human

adult tissue.
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104. Beumer, J., Puschhof, J., Bauzá-Martinez, J., Martı́nez-Silgado, A., El-

mentaite, R., James, K.R., Ross, A., Hendriks, D., Artegiani, B., Bus-

slinger, G.A., et al. (2020). High-resolution mRNA and secretome atlas

of human enteroendocrine cells. Cell 181, 1291–1306.e19. https://doi.

org/10.1016/j.cell.2020.04.036.

105. Love, M.I., Huber, W., and Anders, S. (2014). Moderated estimation of

fold change and dispersion for RNA-seq data with DESeq2. Genome

Biol. 15, 550. https://doi.org/10.1186/s13059-014-0550-8.

106. Wolf, F.A., Angerer, P., and Theis, F.J. (2018). SCANPY: large-scale sin-

gle-cell gene expression data analysis. Genome Biol. 19, 15. https://doi.

org/10.1186/s13059-017-1382-0.
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genotyping primers

See Table S6 This manuscript.

Addgene plasmid Addgene #65777

Software and algorithms

RStudio 2022.02.2 RStudio, PBC https://www.rstudio.com/

DESeq2 1.36.0 Love et al.105 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

Scanpy Wolf et al.106 https://pypi.org/project/scanpy/

scVelo Bergen et al.63 https://pypi.org/project/scvelo/

Uniprot human database (Organism

Species 9606)

Uniprot https://www.uniprot.org/

Las X 3.5.7 Leica N/A

Fiji 2.14.0 ImageJ https://imagej.net/

Prism 9.4.1 GraphPad https://www.graphpad.com/

Adobe Illustrator 28.0 and Photoshop

25.1.0

Adobe Inc. https://www.adobe.com/

GraphPad Prism (v.8.2.0). GraphPad Software SCR_002798

ggplot2 ggplot2 - Elegant Graphics for Data

Analysis (2nd Edition)107
https://ggplot2.tidyverse.org

EnhancedVolcano Blighe K https://bioconductor.org/packages/

release/bioc/html/EnhancedVolcano.html

ComplexHeatmap Gu et al.108 https://bioconductor.org/packages/

release/bioc/html/ComplexHeatmap.html
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human fetal pancreas tissues were obtained following consent from women who had determined to terminate their pregnancy, and

its use for research was approved by the Dutch Ethical Medical Council (Leiden University Medical Centre). In total, n = 21 tissues

were used in this study. Tissues were from both genders (5 female, 2male, and 14 undetermined) and ranged in developmental stage

from GW8 to GW17.

Collection of human adult pancreas tissue was performed according to the guidelines of the European Network of Research Ethics

Committees (EUREC) following European, national and local law. The protocols were approved by the medical ethical committee

(METC) corresponding to the respective hospitals where patients were treated: Verenigde Commissies Mensgebonden Onderzoek

of the St. Antonius Hospital Nieuwegein, Z-12.55; UMC Utrecht, METC 12-093 HUB-Cancer; NKI Institutional Review Board (IRB),

M18ORG/CFMPB582; Maastricht University Medical Center, METC 2019-1061, and 2019-1039. Human adult pancreatic organoids

(haPOs) were established and maintained as previously described.109

Sample size estimation was not performed. hfPO lines, within the same morphological group, were randomly assigned to different

groups for the experiments. For statistical comparisons differences were significant when p < 0.05. Information about sample size

and statistical tests can be found in the figure legends.

METHOD DETAILS

Derivation and maintenance of hfPOs and haPOs
In brief, to establish human fetal pancreatic organoid lines (hfPOs), human fetal pancreas tissue was cut into small pieces and then

incubated with collagenase type IV (Sigma-Aldrich) for 5min at 37�C followed by manual dissociation by pipetting. The single cell-

tissue fragment solution was washed 2 times with AdvDMEM+++ (AdDMEM/F-12 medium supplemented with 13 GlutaMAX,

10mMHEPES and 100 U ml–1 penicillin/streptomycin solution (all Thermo Fisher)) and seeded in 100ml of Matrigel (Corning) suspen-

sion (3:1 Matrigel:AdvDMEM+++) per well of a 12-well plate (four-five droplets per well (20-25ml per droplet)).

hfPOs were maintained in hfPO medium consisting of AdvDMEM+++ supplemented with 20% RSPO1-conditioned medium (in-

house production), 1% Noggin conditioned medium (U-Protein express), 13 B-27 Supplement (Thermo Fisher), 1.25 mM

N-acetyl-L-cysteine, 50 ng/ml hEGF, 10 ng/ml hFGF2 (all Peprotech), 500 nM A 83-01, 1 mM PGE2 (Tocris), 5 mM Y-27632 (AbMole)

and 50 mg/ml Primocin (InvivoGen). The first days and first passage post establishment, the hfPO medium was supplemented with

extra Y-27632 (final concentration, 10 mM) to minimize anoikis. hfPOs were passaged by gentle mechanical disruption by pipetting

every 21–35 days at a ratio of 1:3–1:4. During the first few passages, the splitting ratio was 1:1-1:2. For increasing the expression of

LGR5 1uM valproic acid (Sigma) and 1uM CHIR (Sigma) was added to the expansion medium.

Growth Rate Analysis
Single cells (15000) were plated in 20ml of Martrigel. After three weeks in culture (in expansion hfPO medium), organoids were

collected and dissociated into single cells. The number of cells were counted using a cell counter (Denovix) and the total cell

number was determined. Counting was performed on four different wells. By calculating the number of cells at day 21, which all

came from the 15000 cells plated at day 0, a multiplication factor could be determined for each passage. Using this, a theo-

retical total number of cells could be calculated by multiplying the total cell number of the previous passage with the multipli-

cation factor of that passage. Subsequently, 15000 of the counted single cells were plated in 20ml Matrigel. This procedure was

repeated twice.

Yield determination
Single organoids from lines at an early or late passageweremanually picked and dissociated into single cell. The number of cells were

counted using a cell counter (Denovix).’’

Morphological purity determination
Single cystic or budding organoids from lines at an early or late passage were manually picked and split. The number of budding and

cystic organoids were then quantified and morphological purity was calculated as the proportion of organoids showing the same

morphology as the parental organoid post splitting.
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Outgrowth efficiency
Single cystic or budding organoids from lines at an early or late passage were manually picked and split. The efficiency was then

quantified as the proportion of organoids formed post splitting of a single budding or cystic organoid.

Differentiation of hfPOs
hfPOs were cultured for 14-21 days following passaging prior to being subjected to differentiation. hfPOs were washed with

AdvDMEM+++ three times prior to adding differentiation medium.

The endocrine differentiation medium (hfPO-ECmedium) was based upon previously published (i)PSC beta cell differentiation pro-

tocols110,111 and contained advDMEM/F12 +++ supplemented with 1% Chemically Defined Lipid Concentrate (Thermo Fisher sci-

entific), 1% B27 without Vitamin A (Thermo Fisher scientific), 50 mg/mL Vitamin C (Sigma Aldrich, #A92902), 2% KnockOut Serum

Replacement (Thermo Fisher scientific), 10 mg/mL Heparin (Sigma-Aldrich), 10 mM Alk5 inhibitor (SCBT, sc-221234B), 20 ng/mL

EGF (PeproTech), 0.1 mMRetinoic Acid (Sigma-Aldrich), 0.25 mMSANT1 (SCBT, sc-203253), 1 mM3,30,5-Triiodo-L-thyronine sodium

salt (T3) (Sigma-Aldrich) and 1 mM Gamma secretase Inhibitor II (LY411575, Sigma-Aldrich). For differentiation towards the acinar

lineage, the medium was further supplemented with 200 nM dexamethasone (Sigma-Aldrich).

Cell type quantification
To calculate how often an organoid was positive for a specific marker, 150–200 organoids were used. An organoid was scored as

positive as long as it had > 0 marker positive cells. Total number of marker positive organoids was then divided by the total number

of organoids.

To calculate the percentage of marker positive cells within an organoid the total number of cells per organoid quantified (ImageJ

cell counter function). Subsequently, the number of the different cell types in the same organoid was quantified and the proportion of

positive cells calculated. Unless otherwise stated, a minimum of 2 biological replicates with 10–12 technical replicates/ biological

replicate was used for each condition.

Enzyme activity sample collection and assays
To collect samples for ELISA and enzyme activity assays organoids were first cultured in expansion or differentiation medium. Or-

ganoids were released from their Matrigel domes using dispase (20ug/ml) and incubation for 15min. Organoids were washed five

times with PBSO and then incubated for 2h in PBSO with 10uM FSK and 10uM IBMX.

Organoid supernatants were collected and centrifuged at max speed for 2min to remove any debris. Supernatants were frozen and

stored at -80 degrees until used. ELISA and enzyme activity assays were performed according to the manufacturer’s instructions.

CRISPR organoid reporter-line generation
Spacer sequences targeting the genes CHGA, CPA1 and PTF1A were obtained from the resource provided by Schmid-Burgk et al.51

and cloned into an empty sgRNA plasmid backbone (Addgene plasmid #65777) using inverse PCR (Q5 polymerase, NEB). Individual

plasmids were sequenced to confirm correct sequence using Sanger sequencing (Macrogen). All primer sequences for sgRNA gen-

eration can be found in Table S6.

The electroporation protocol was adapted from Fujii et al.112 In brief, one day prior to electroporation hfPO medium containing

1.25% (v/v) DMSOwas added to the organoids. On the day of electroporation, organoids were removed from theMatrigel bywashing

two times with ice cold advDMEM/F12 +++. Organoids were then incubated in TrypLE for 3 minutes at 37�C, mechanically dissoci-

ated into single cells/small fragments by pipetting and washed two times in ice cold Optimem (Sigma) supplemented with Y-27632

(10 mM). The cell pellet was resuspended in 100 mL Optimem combined with the DNA mixture (total of max 20 mg). Following elec-

troporation, the cells were transferred to eppedorf tubes and left to recover in complete medium at room temperature for 20 min.

They were then spun down and resuspended in 300 mL Matrigel (80% Matrigel, 20% expansion media) and plated out in 40 mL

per well of a pre-warmed 48-well tissue culture plate (Greiner). Selection with Blasticidin (InvivoGen) started once small round orga-

noids had formed, typically 5–7 days post electroporation.

Establishment of clonal lines, DNA extraction and Genotyping of Genetically Engineered Organoids
Post selection blasticidin resistant organoids were manually picked under a bright field microscope and expanded as clonal lines. 2-

3 weeks post passaging a few organoids were collected from each line and used for DNA extraction (Quick-DNAmicroprep kit, Zymo

research) following the manufacturer’s instructions. Extracted DNA was used as template for PCR amplification of the target region

(junction between the genomic DNA of the C-terminus of the gene of interest and the fluorescent reporter) by Q5 high fidelity poly-

merase (NEB). 5ml of the PCR products were loaded on a 1%UltraPure agarose gel (ThermoFisher). PCR products for which a single

band could be observedwere subjected toQIAquick PCRpurification (Qiagen) according to themanufacturer’s instructions. For PCR

products for which multiple bands were observed, the band showing the predicted size was manually cut out and DNA extracted

using the QIAquick gel extraction kit (Qiagen). Finally, PCR products were sent for Sanger sequencing (Macrogen) with the forward,

reverse or sequencing primers. All genotyping primers can be found in Table S4. Sequencing results were analysed in silico using

Benchling (https://www.benchling.com/).
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Immunohistochemistry (IHC)
Organoids were harvested and incubated in Cell Recovery solution (Corning, Product No. 354253) for 30 min on ice to remove all

Matrigel. Organoids were then washed two times with pre-chilled PBS without calcium and magnesium before being transferred

to glass vials and incubated in formalin (Sigma) for 30 min at room temperature. Organoids were subsequently dehydrated, paraffin

embedded, and sectioned. Standard H&E stainingswere performed aswell as immunohistochemistry using antibodies against Chro-

mogranin A (Thermo Scientific, clone: LK2H10) dilution 1:1000. Images were acquired using the VS200 slidescanner (Olympus). All

antibodies used can be found in key resources table.

Immunofluorescence (IF) and confocal microscopy
Organoids were prepared for whole mount immunofluorescence as previously described in Pleguezuelos-Manzano etal.113 Images

were acquired using the Zeiss LSM900 confocal microscope and images were processed using the Zen Black software. All anti-

bodies used can be found in key resources table.

Transmission electron microscopy (TEM)
Organoids were chemically fixed in 1.5% glutaraldehyde in 0.067 M cacodylate buffered to pH 7.4 and 1% sucrose for 12h at 4 �C.
Following a single wash in 0.1M cacodylate (pH 7.4), 1% sucrose and 3xwith 0.1M cacodylate (pH 7.4), organoids were incubated in

1% osmium tetroxide and 1.5% K4Fe(CN)6 in 0.1 M sodium cacodylate (pH 7.4) for 1 h at 4� C. Next organoids were dehydrated in

ethanol (70%, 90%, up to 100%) infiltrated with Epon resin for 2 days, and finally embedded in the same resin and polymerized at

60 �C for 48 h. Ultrathin sections were cut on a Leica Ultracut UCT ultramicrotome (Leica Microsystems) using a diamond knife (Dia-

tome), and mounted on Formvar-coated copper grids. Subsequent staining of the sections with 2% uranyl acetate in 50% ethanol

and lead citrate allowed visualisation under a Tecnai T12 ElectronMicroscope equipped with an Eagle 4k 3 4k CCD camera (Thermo

Fisher). Images were stitched, uploaded, shared and annotated using Omero and PathViewer.

CryoEM immunogold
For immunolabeling, organoids were chemically fixedwith 4%paraformaldehyde in 0.1Mphosphate buffer. After washingwith 0.1M

phosphate buffer, organoids were embedded in 12% gelatin and infused in 2.3 M sucrose for 24 hours. Mounted gelatin blocks were

frozen in liquid nitrogen. Thin sections were prepared in a cryo ultramicrotome (Leica EM Ultracut UC6/FC6, Leica Microsystems,

Vienna, Austria). Ultrathin cryosections were collected with 2% methylcellulose in 2.3 M sucrose.

Cryosections were incubated on drops of PBS for 45 min at 37ºC, followed by 50mM glycine in PBS for 10min and 1%BSA in PBS

for 15 min at room temperature. Then, they were incubated with rabbit anti-Carboxypeptidase A (1:10; Abcam ab173283) diluted in

1% BSA in PBS for 1 hour. After five washes on drops of 0.1% BSA in PBS for 10 min, sections were incubated for 20 min with

protein-A coupled to 10 nm diameter colloidal gold particles (1:50; CMC Utrecht) diluted in 1% BSA in PBS. Sections were fixed

with 1% glutaraldehyde in PBS for 5 min. This was followed by washes with drops of PBS for 15 min and two washes with distilled

water. Grids were embedded in a thin layer of 1.8% methylcellulose (25 Ctp) containing 0.4% Uranyl acetate. As a control for non-

specific binding of the colloidal gold-conjugated antibody, the primary antibody was omitted.Microscopy was carried out on an Elec-

tron Microscope Tecnai Spirit (Thermo Fisher Scientific Company, The Netherlands) with an Eagle 4kx4k CCD camera.

RNA extraction, quantification and quality control
Organoids were collected and RNA isolated using the RNeasy Mini Kit (QIAGEN) following the manufacturer’s instructions. RNA was

resuspended in DNAse and RNAse free water (Sigma) and quantified with a Nanodrop (Thermo Fisher).

RT-qPCR
RNA isolation was performed as previously described. We used 0.5–1 mg RNA reverse transcription with Oligo(dT)15 Primer and

Random Primer using GoScript Reverse Transcriptase kit (Promega). The cDNA was used for RT-qPCR using iQ SYBRGreen super-

mix (BioRad) and gene specific primers (Table S6) in CFX Connect Real-Time PCR machine (BioRad). The results were analysed by

normalisation to the housekeeping gene (DCt) and adult pancreatic tissue (Amsbio, 5 donor pool) using the 2�DDCt method.

Bulk RNA-seq analysis
Budding and cystic organoids were individually handpicked, RNA extracted and subjected to bulk RNA sequencing. RNA

extraction was performed as described above and integrity was determined using the Agilent RNA 6000 Nano kit with the Agilent

2100 Bioanalyzer (Agilent). RNA integrity (RIN) values ranged from 9.0–10.0. Samples used for bulk RNA-sequencing did not have

a RIN <9.0. RNA concentrations were determined using the Qubit RNA HS Assay Kit (Thermo Fisher). RNA libraries were prepared

with the TruSeq Stranded messenger RNA polyA kit and paired-end (2 3 50 base pairs) sequenced on an Illumina NextSeq

2000. Reads were mapped to the human GRCh38 genome assembly using STAR.114 Differential gene expression analysis was

performed using the DESeq2105 package in RStudio (v.2022.02.2). Log2 fold changes (FC) and significance (P values, Wald test)

are indicated throughout the paper. Data visualization was performed using the packages ggplot2, ComplexHeatmap and

EnhancedVolcano in RStudio, or manually plotted using GraphPad Prism (v.8.2.0). Software, packages and algorithms are listed

in key resources table.
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Flow cytometry and cell sorting
Organoids were incubated in 75% TrypLE (ThermoFisher) for 3min at 37�C and then dissociated into single cells by pipetting.

Following two washes in advDMEM/F12 +++ the single cell suspension was filtered through the 35mm mesh of the FACS tube (Fal-

con). Cells were stained with DAPI for live/dead discrimination. FACS was performed on BD Fusion� cell sorter (BD Bioscience) and

data were analysed in FlowJo (Tree Star) or R.

Single-cell derived clonal organoid lines
Organoids were dissociated to single cells using enzymatic digestion (TrypLE, for 3-5min at 37�C), washed three times with advD-

MEM/F12 +++ and filtered through the 35mm mesh of the FACS tube (Falcon). Cells were stained with DAPI for live/dead discrimi-

nation. FACS was performed on BD Fusion� cell sorter (BD Bioscience). FACS sorted single cells were diluted to a concentration of

0.5 cells per 20ul Matrigel. Droplets of 20ul Matrigel were seeded in pre-warmed tissue culture plates (Greiner) and hfPO expansion

medium was added. Medium was refreshed every 3 days.

Single-cell transcriptome sample preparation
For scRNA-seq cells were FACS sorted into 384-well plates pre-printed with primers (SCD) and stored at -80�C until used for library

preparation. Libraries were prepared according to the previously published VASA-Seq protocol for VASA-plate62 and sequenced on

a NextSeq2000, high-output 100 cycles flowcell (Illumina) with the following parameters, Read1 26 cycles (index and UMI), Read2 75

cycles.

scRNA-seq analysis
FASTQ file pre-processing and mapping of sequencing reads

FASTQ file pre-processing and mapping was performed as previously described in Salmen etal.62 In short, Read1

contains a 6-nt UFI/UMI, followed by an 8nt cell-specific barcode. Each barcode corresponding to a well in a 384-well plate.

Sequenced barcodes that could be uniquely assigned to one of the 384 barcodes with a Hamming distance of 1nt or less

were merged.

For mapping, read2 was assigned to the barcodes extracted from read1. Trimming of Read2 was performed with TrimGalore

(version 0.4.3) and homopolymer removal by cutadapt (version 2.10).115 Using bwamem and bwa aln (version 0.7.10)116 the trimmed

reads were mapped to human rRNA (National Center for Biotechnology Information) to perform in silico ribosomal depletion. Post

filtering of multi- and single-mappers the remaining reads were mapped to human GRCh38 genome (Ensembl 99) using STAR.114

Assignment of reads was done according to Salmen etal.62

scRNA-seq analysis of bulk hfPO and 10x tissue libraries

The Shendure dataset was downloaded from GEO (GSE156793, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=

GSE156793),16 the Tabula Sapiens dataset was downloaded from GEO (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE201333)71 and the Xu dataset from https://bigd.big.ac.cn/omix/ (identifier OMIX236).18 Quality control (QC) was per-

formed individually for each dataset. For the Xu and Shendure dataset only cells with >2000 transcripts, >200 genes, <170 000

transcripts, <20% mitochondrial reads were kept. For the Tabula Sapiens dataset only cells with >1200 transcripts, >200 genes,

<170 000 transcripts, <18% mitochondrial reads were kept. Genes present in < 3 cells were excluded. In addition, Scrublet117

was used to remove doublets. For the bulk hfPO dataset cells with > 20000 transcripts, <175 000 transcripts, <5% mitochon-

drial reads and a minimum of 3000 genes were kept. Genes present in < 3 cells were excluded. Highly variable genes with mean

log expression between 0.0125 and 3 were selected, and cell cycle genes were excluded. Number of counts and cell cycle

properties were regressed out (Scanpy function scanpy.pp.regress.out). Next, tissue datasets were filtered to keep only

EPCAM+ cells. Gene names in all datasets were set to be the same for all dataset using custom-made code. Next, the post-

QC expression matrices were merged using anndata118 and Scanpy106 and custom-made code was used for further analysis.

We performed principal component analysis (PCA), selecting 40 components and generated a 2D dimensional reduction using

uniform manifold approximation and projection (UMAP).119 Data integration of the datasets containing cells from tissue and or-

ganoids was performed using Harmony.120 Integration of the datasets containing all time points was done on the factors dataset

and system, and for the dataset containing selected time points on the factors dataset, system and plate. Unsupervised hier-

archical clustering was done using the Leiden algorithm121 (scanpy.tl.leiden) and finally differential gene expression between the

clusters was calculated using t-test (default scanpy.tl.rank_genes_groups).

scRNA-seq analysis of single cell-derived hfPO libraries

For the single cell-derived hfPO dataset cells with > 20000 transcripts, <175 000 transcripts, <5% mitochondrial reads and a mini-

mum of 3000 genes were kept. Genes present < 3 cells were excluded. Highly variable genes with mean log expression between

0.0125 and 3 were selected, and cell cycle genes were excluded. Number of counts and cell cycle properties were regressed out

(Scanpy function scanpy.pp.regress.out). We selected the top 30 PCs and dimensional reduction was done using UMAP. For the

dataset containing only clonal organoids integration was performed using Scanorama122 and integrated on the factor plate. Clus-

tering was performed using the supervised hierarchical Leiden algorithm121 (scanpy.tl.leiden) and finally differential gene expression

between the clusters was calculated using t-test (default scanpy.tl.rank_genes_groups). Software and packages are listed in the key

resources table.
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QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical methods were used to predetermine sample size. The experiments were not randomized, and the investigators were

not blinded to sample allocation during experiments and outcome assessment. Statistical analyses were performed in GraphPad

Prism using t-test, one- or two-way ANOVA. For data derived from bulk RNA-Seq Wald test, as part of the DESeq2 pipeline, was

used. For scRNA-Seq data Wilcoxon, as part of the scanpy pipeline was used. All experiments, except for the scRNA-Seq, in this

manuscript have been reproduced with similar results using at least two independent organoid lines and performed as at least three

independent experiments. The number of times the experiments were repeated with independently-derived organoid lines

(n numbers), statistical tests, P values and considered statistical significance are reported in the figure legends.
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Figure S1. Establishment of a hfPO biobank, related to Figure 1 and Table S1

(A) Pie chart showing the success rate and morphology of hfPO lines established from the 2nd trimester.

(B) Representative bright-field images of cystic and budding hfPO lines.

(C) Representative bright-field images of 3 different hfPO lines 3 days post thawing, after 2.5 years in �80�.
(D) Representative histology H&E and immunostaining against CHGA images of hfPO lines.

(E) Growth rate in number of cells over two passages of two individual organoid lines from early (p10) and late (p25) passages.

(F) Multiplication factor (increase in cell number) between passages of two individual organoid lines from early (p10) and late (p25) passages. Line 1, hfPO1; line 2,

hfPO2 for (E) and (F). Technical triplicates were used for each line. Scale bars, 200 mm (B); 100 mm for all lines but hfPO2 (top right); 25 mm (C); and 100 and 10 mm

for inserts (D).
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Figure S2. Bulk RNA-seq analysis of cystic and budding hfPOs, related to Figure 2

(A) Representative confocal images of hfPO lines stained for DAPI, phalloidin, and PDX1. Scale bars, 50 mm (experiment repeated 3 times for each line).

(B) Bar graph showing the number of genes for the samples used for bulk sequencing.

(C) Quality control dispersion plot generated using the DESeq2 pipeline.
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LinkerCPA1 Exon 10 P2A tdTomatoRef seq

Clone #1

Clone #2

Clone #21

CPA1 - allele #2
GCTATGGCTTCCTGCTGCCAGCCTCCCAGATCATCCCCACAGCCAAGGAGACGTGGCTGGCGCTTCTGACCATCATGGAGCACACCCTGAATCACCCCTACTGAGCTGACCCTTTGACACCCTTCTTGTCCTC

gRNA

GCTATGGCTTCCTTCTTGTCCTCCTCTCTGGCCCCA---------------------------------------------------------------TCCAGGCTGACCCTTTGACACCCTTCTTGTCCTC

GCTATGGCTTCCTGCTGCCAGCCTCCCAGATCATCCCCACAGCCAAGGAGACGTGGCTGGCGCTTCTGACCATCATGGAGCACACCCTGAATCACCCCTACTG-----ACCCTTTGACACCCTTCTTGTCCTC

GCTATGGCTTCCTGCTGCCAGCCTCCCAGATCATCCCCACAGCCAAGGAGACGTGGCTGGCGCTTCTGACCATCATGGAGCACACCCTGAATCA----------GCTGACCCTTTGACACCCTTCTTGTCCTC

CPA1 Exon 10
Ref seq

Clone #1

Clone #2

Clone #21

UTR

CACACCCTGAATCACCCCTACTGCGGGGGGTCTGGTGGCAGTGGAGGGGGATCCGGAAGCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGGAGACGTGGAGGAGAACCCTGGACCTGTGAGCAAGGGCGAGGA

PTF1A - allele #1

PTF1A - allele #2

LinkerPTF1A Exon 2 tdTomatoP2A
CAACATAGAAAACGAACCACCATTT---ggggggtctggtggcagtggagggggatccggaagcggagctactaacttcagcctgctgaagcaggctggagacgtggaggagaaccctggacctgtgagcaagggcgaggaggtcatcaaa
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Figure S3. Generation of acinar cell reporter organoid lines, related to Figure 3

(A and B) Schematic images showing the insertion site for the reporter construct at the C-terminal end of CPA1 (top) and PTF1A (bottom).

(C and D) Sanger sequencing traces of allele 1 and allele 2 of 3 different CPA1 (B) and PTF1A (C) reporter hfPO lines.

(E and F) Bright-field and fluorescent images of 4 different hfPO CPA1 and PTF1A clonal reporter lines. Scale bars, 100 mm.

(G) Gating strategy used for flow cytometric analysis of single, tdTomato-positive live cells from hfPO CPA1 and PTF1A reporter lines.

(H) Ridge plots showing the expression of CPA1 and PTF1A as measured by tdTomato fluorescence and quantification of negative (Neg), medium (Low), or high

(High) expression of the reporter. PTF1A reporter generated in hfPO1 and hfPO2, experiment repeated twice, two clones from each line. CPA1 reporter generated

in hfPO2, experiment repeated for 3 reporter clones, and for two clones, the experiment was performed twice.

(I) Volcano plot showing the transcriptional changes between hfPOs cultured in hfPO- and hfPO-ACmedium. The log2 fold change in is represented on the x axis

and the �log10 adjusted p value on the y axis. A p value of 0.05 and a fold change of 2 are indicated by gray lines.

(J) Cryoelectron microscopy (cryo-EM) immunogold against carboxypeptidase A (CPA). Arrows pointing at immunogold particles.

(K) Confocal images of PTF1A reporter-positive organoids (representative images from n = 2 different lines, 3 different clones per line). Scale bars, 50 mm.

(L–N) Quantification of the percentage of CPA+ (L), trypsin+ (M), and CELA3A+ cells (N) in expansion and differentiation medium. For each condition (expansion,

hfPO; differentiation, hfPO-EC), we used 2 different organoid lines. For quantification of how often themarkers appeared in all organoids 2–4 images were used to

reach 150–200 organoids. For quantification of the% of marker-positive cells among all cells within an organoid (proportions), 10 organoids (technical replicates)

were used. Data are represented as mean ± SD. For (L), *p < 0.05, **p < 0.0001. For (M), ****p < 0.0001. For (N), **p < 0.0075. Scale bars, 200 mm (E and F) and 125

nm (J), and 50 mm (K).
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Figure S4. hfPO endocrine cell reporter generation and differentiation, related to Figure 4

(A) Sanger sequencing traces of allele 1 and allele 2 of 3 different CHGA reporter hfPO lines.

(B) Gating strategy used for flow cytometric analysis of single, tdTomato-positive live cells from hfPO CHGA reporter line cultured in hfPO (expansion) medium

and hfPO-EC (differentiation) medium. Quantification of the percentage of CHGA-P2A-tdTomato-positive cells is done on 3 different hfPO1 CHGA reporter clonal

lines.

(legend continued on next page)

ll
OPEN ACCESS Article



(C) Quality control dispersion plot generated using the DESeq2 pipeline and bar graph showing the number of genes for the samples used for bulk sequencing (n =

5 different clones from the PTF1A hfPO1 line cultured in hfPOmedium) differentiation (n = 3 different clones from the PTF1A reporter hfPO1 line cultured in hfPO-

AC medium).

(D) Bar graph showing the number of genes for the samples used for bulk sequencing.

(E) Gene set enrichment analysis (GSEA) of hfPO organoids cultured in hfPO vs. hfPO-ECmedium as comparedwith the list of MSigDB andGO pathways. For the

bulk-seq analysis (C–E), the lines 3 different hfPO1 CHGA reporter clones were used cultured in either hfPO medium or hfPO-EC medium.

(F) Representative TEM images of hfPO lines following 10 days in hfPO-EC medium.

(G–L) Quantification of MKI67+ (G), MUC1+ (I), and CHGA+ hfPOs (K) and the number of MKI67+ (H), MUC1+ (I), and CHGA+ (J) cells within an hfPO (L). Two

different biological replicates (hfPO lines 1 and 2) and at least ten technical replicates. Data are represented asmean ±SD. *p < 0.025, **p < 0.0035, ****p < 0.0001.

Scale bars, 100 and 50 mm (E) and 50 mm (F).
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Figure S5. hfPOs recapitulate human fetal tissue at single-cell transcriptome level, related to Figure 5

(A) Schematic showing the scRNA-seq analysis pipeline. QC, quality control; DEGs, differentially expressed genes.

(B) Quality control plots showing the number of genes, total number of counts, % of mitochondrial genes, and % of ribosomal genes.

(C) UMAP visualization of the merged scRNA-seq dataset containing tissue samples of all different ages (in GW) from the Xu dataset.

(D) Quality control plots showing the number of genes, total number of counts, % of mitochondrial genes, and % of ribosomal genes from the hfPO dataset and

the ‘‘Xu tissue datasets.’’ These datasets were selected based on their age being closest to the age of the tissue from which the hfPO was established.

(E) UMAP plots visualizing the expression of genes of the acinar, ductal, endocrine, and progenitor cluster.

(F) Violin plots showing the expression of marker genes related to the progenitor cluster.

(G) Feature plots showing the expression of marker genes related to the progenitor cluster or literature.

(H) Feature plots showing the expression of the growth factor BMP4 and growth factor receptor EGFR.

(I–L) Feature plots showing the expression of the indicated markers for the individual datasets, hfPO organoid dataset (I), Shendure (J), Xu 12wpc (K), and Xu

14wpc (L).
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Figure S6. hfPOs recapitulate human fetal pancreatic tissue, related to Figure 6

(A) GSEA enrichment analysis of hfPO organoids cultured in hfPO-AC vs. hfPOmedium as compared with the list of Kyoto Encyclopedia of Genes and Genomes

(KEGG) pathways. Enrichment of upregulated genes belonged to functions such as fat digestion and absorption as well as pancreatic secretion.

(B) RT-qPCR comparing the expression of the digestive enzymes PRSS1 and CTRB1 between hfPOs and fetal and adult tissue. Data are represented as

mean ± SD.

(C) UMAP plots visualizing the expression of the digestive enzymes PRSS1/2 and CELA3A/B from the hfPO scRNA-seq dataset.

(D) Representative confocal images of cystic organoids stained for KRT19 and CPA1. Scale bars, 25 mm.

(E–G) Expression profiles for key marker genes for the (E) endocrine cell lineage, right plot with the presence of insulin and glucagon and the left plot without INS

and GCG, to allow assessment of the expression of the other hormones (F) Metabolic sensing and signaling for b cells, and (G) marker genes of beta cell identity

function. Shading displays mean expression (CPM, log scaled), and diameter denotes fractional expression.
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Figure S7. LGR5 marks tripotent human pancreatic progenitors, related to Figure 7

(A) UMAP visualization of the culture conditions of the hfPOs.

(B) UMAP visualization of the different plates.

(C) Quality control plots showing the number of genes, total number of counts, % of mitochondrial genes, and % of ribosomal genes.

(D) Feature plots showing the expression of marker genes characterizing the acinar, ductal, and endocrine cluster.

(E) Feature plots of marker genes used to define the progenitor cluster.

(F) Feature plots of subclustered endocrine cells showing the expression of pan-endocrine factors and hormones and transcription factors.

(G) Fraction of spliced and unspliced transcripts in the VASA-seq dataset.

(H) UMAP with unbiased scVelo pseudotime. 0 denotes starting time and 1 end time point.

(I) UMAPs showing the clusters as well as the expression of LGR5.

(J) Confocal images of human colon tissue stained for DAPI and RNAScope probe against LGR5. Scale bars, 100 mm.

(K) Representative FACS analysis plots of TROY and LGR5-sorted cells.

(L) Bar graphs showing the outgrowth efficiency of TROY positive and negative cells.

(M) Quantification of the proportion of the different cell lineages fromwhole-mount fluorescent hfPOs from 3 independent biological replicates (hfPO1, hfPO2, and

hfPO4) and 5 technical replicates. Mean values from 5 technical replicates per line are shown.
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Figure S8. LGR5 stem cell analysis, related to Figure 7

(A–C) The yield (A), post-split morphology (purity/post-split morphology) (B), and outgrowth efficiency (C) of LGR5-derived hfPOs were compared with that of

hfPOs from fetal pancreas tissue for the early (p10) and late passage (p25) 2 biological replicates (line 1, hfPO1; line 2, hfPO2; line 3, hfPO4) and 10–12 technical

replicates for each biological replicate. For the LGR5 reporter clones, p10 was the latest passage. Data are represented as mean ± SD. *p < 0.045, **p < 0.0075.

(D) Morphology and expression of indicated marker genes of LGR5-derived hfPOs were compared with that of hfPOs from fetal pancreas tissue. Outgrowth

efficiency of FACS-sorted LRIG1+ and LRIG1� cells. Scale bars: hfPOExp; H&E, 50 mm, all others, 50 mm, hfPODiff; PAS, 100 mm,MUC1, Trypsin, andCHGA ,100

mm, all other 50 mm. LGR5 Exp; CHGA 25 mm, all others 50 mm. LGR5 Diff; all 50 mm.

(E) Expression profiles of progenitor marker genes of hfPOs.

(F) Dot plot showing the co-expression percentage of indicated marker genes within the LGR5+ cells.

(G and H) (G) TROY+ and TROY� cells (H) cells from primary fetal pancreatic tissue.

(I) Outgrowth efficiency of FACS-sorted LRIG1+ and LRIG1� cells from hfPOs.
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