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SUMMARY
With the aim of producing b cells for replacement therapies to treat diabetes, several protocols have been developed to differentiate hu-

man pluripotent stem cells to b cells via pancreatic progenitors. While in vivo pancreatic progenitors expand throughout development,

the in vitro protocols have been designed tomake these cells progress as fast as possible to b cells. Here, we report on a protocol enabling a

long-term expansion of human pancreatic progenitors in a defined medium on fibronectin, in the absence of feeder layers. Moreover,

through a screening of a polymer library we identify a polymer that can replace fibronectin. Our experiments, comparing expanded pro-

genitors to directly differentiated progenitors, show that the expanded progenitors differentiate more efficiently into glucose-responsive

b cells and produce fewer glucagon-expressing cells. The ability to expand progenitors under defined conditions and cryopreserve them

will provide flexibility in research and therapeutic production.
INTRODUCTION

There has been considerable interest in recapitulating

pancreas development in vitro with the aim of producing

b cells for replacement therapies to treat diabetes. With

this in mind, several protocols have been developed to

differentiate human pluripotent stem cells (hPSCs) to b

cells (Hogrebe et al., 2020; Nostro et al., 2015; Pagliuca

et al., 2014; Rezania et al., 2014; Russ et al., 2015). These

protocols rely on the sequential control of specific develop-

mental pathways with soluble growth factors and small

molecules, guiding hPSCs in a stepwise fashion through in-

termediate endodermal and pancreatic progenitor stages.

While in vitro differentiation is generally based on these

sequential stages, in vivo development involves the expan-

sion of progenitor cells (Jennings et al., 2015). Pancreatic

progenitors have been defined as cells that are prolifera-

tive and can give rise to differentiated cell types of the

pancreas: acinar cells that secrete digestive enzymes,

ductal cells forming ducts, and endocrine cells secreting

hormones into the blood. Among the last of these, b cells,

a cells, d cells, PP cells (g cells), and ε cells secrete respec-

tively insulin, glucagon, somatostatin, pancreatic poly-

peptide, and ghrelin (Gu et al., 2002; Teitelman et al.,

1987). Pancreatic progenitors are characterized by the

expression of a specific set of transcription factors,

notably PDX1, SOX9, and NKX6-1 (Jennings et al.,
Stem Cell R
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2015), and their ability to differentiate has been shown

by lineage tracing in mice (Larsen et al., 2017). These ex-

periments revealed that individual cells behave as multi-

potent progenitors that can give rise to the ductal, acinar,

and endocrine cells, at the early stage, and at a later stage,

they become bipotent progenitors that generate only

ductal and endocrine cells. Although in humans, single-

cell lineage tracing has not been performed, and it is

therefore uncertain whether individual cells are multipo-

tent or bipotent progenitors, cells expressing the same

progenitor markers as in mice have been characterized

as early as at around 30 days post conception (Jennings

et al., 2013, 2015; Petersen et al., 2018). Moreover, graft-

ing pancreatic endoderm cells derived from human em-

bryonic stem cells (hESCs) in the kidney capsule enables

the formation of both endocrine and exocrine cells,

arguing for the population being multipotent as a collec-

tive (Kroon et al., 2008). The progenitor markers remain

throughout the gestational period, and the cells express-

ing them are largely responsible for the growth of the or-

gan in size by expanding the progenitor pool as well as

differentiating into pancreatic cell types. In-depth ana-

lyses of the pancreas molecular signature have revealed

that mRNAs from numerous genes associated with devel-

opmental defects that result in neonatal diabetes, matu-

rity-onset diabetes of the young, or type 2 diabetes are

expressed in pancreatic progenitors (Petersen et al., 2018).
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The development of in vitro systems recapitulating hu-

man pancreas development in a dish can complement

descriptive studies on isolated human fetal pancreas and

enable testing of the effects of specific gene mutations

or drugs on the developmental process. Most protocols

have been optimized to promote b cell formation in

non-physiological proportions and time scales and have

thus not put emphasis on maintaining intermediate steps,

notably pancreatic progenitors, in culture. For therapy,

millions of cells of the final cell type, namely b cells,

need to be produced, and currently the expansion step

takes place at the stage of PSCs, necessitating differentia-

tion of millions of cells in parallel, which is time

consuming and costly. A few attempts at expanding cells

along the differentiation pipeline have been made,

showing benefits of endoderm expansion steps on the

later differentiation (Cheng et al., 2012; Morrison et al.,

2008). Human pancreatic progenitors were also expanded

on feeder layers (Trott et al., 2017), after conversion from

fibroblasts (Zhu et al., 2016), or in three-dimensional (3D)

culture (Goncalves et al., 2021; Huang et al., 2015). Here,

we established a feeder-free and Matrigel-free system in

two dimensions (2D) for the long-term expansion and

cryopreservation of pancreatic progenitors in a simple,

fully defined medium. This culture system includes a

defined substrate, either fibronectin or, alternatively, a

polymer identified through polymer screening. We show

that the expansion enables the increase of NKX6-1 in pro-

genitors, a gene that is necessary for b cell differentiation

and function (Nostro et al., 2015), and whose expression

in vitro has often been a bottleneck. We further show that

the expanded progenitors can efficiently differentiate into

glucose-responsive insulin-secreting b-like cells and that

expansion promotes an increase of the ratio of b cells to

other endocrine cells.
RESULTS

A polymer screen identifies extracellular matrix-free

substrates supporting pancreatic progenitor culture

To identify culture conditions conducive to the expansion

of pancreatic progenitors in the absence of feeder layers

and Matrigel, we screened polymer libraries that would

support their adhesion and proliferation at the pancr-

eatic epithelium (PE) stage differentiated from hESCs

(Figures 1A and 1B). A library of 382 polymer solutions in

the family of polyacrylates/acrylamides was contact

printed (Table S1) onto a glass slide (Figure 1B). An hESC

line (HUES4) with a GFP reporter tagged to the PDX1

gene was utilized for the production of PE cells using a pro-

tocol adapted fromAmeri et al. (2010, 2017), and GFP-high

and GFP-negative cells were plated, as well as undifferenti-
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ated ESCs, to test for the specificity of adhesion (Figure 1C).

To culture PE cells, we used a simple culture medium that

we originally developed for the culture of mouse (Greggio

et al., 2013, 2014) and human (Goncalves et al., 2021)

pancreatic progenitors in 3D spheres. Based on DAPI and

GFP staining (Figure 1D), we identified 20 polymers with

enhanced binding properties, and 6 polymers appeared to

be potential selective binders (Figure 1E). Thirty polymers,

including the 26 ‘‘hit’’ polymers and 4 non-binding poly-

mers (Figure S1A), were selected for a secondary screen,

and 13 polymers confirmed cell binding by DAPI and

GFP (Table 1). These polymers were then printed as

3-mm-diameter spots on a new array to evaluate PE prolif-

eration (Figure S1B), as monitored by 5-ethynyl-20-deoxy-
uridine (EdU) incorporation (Figure S1C). Six polymers

enabled proliferation by more than 4% of EdU incorpora-

tion, which are the levels we detected at day 15 of directly

differentiated PE cells prior to re-plating (Figure 1F).

Although PE cells could adhere and proliferate on all six

polymers, we focused on the best-performing polymer,

PA98, in all subsequent studies, using in situ polymerized

polymers on coverslips (Figure S1D).

Fibronectin and a simple culture medium enable

efficient proliferation of pancreatic progenitors

Although PE cells proliferated on the tested polymers, we

could not observe long-term expansion and noticed cell

detachment over time. We thus explored the suitability

of diverse extracellular matrices (ECMs) to address whether

the limiting factor was the culture medium or the polymer.

Previous investigations have shown that PE cells can attach

to fibronectin (FN), laminin, and collagen, but expansion

and passaging have not been reported on these substrates

(Hogrebe et al., 2020; Mamidi et al., 2018). We thus seeded

PE cells onto plates coated with a variety of ECM proteins,

namely FN, laminin, vitronectin, collagen, and Matrigel

(Figure S2A). We found that only FN, and to a lesser extent

Matrigel, maintained PE cell attachment after two passages

(Figure 2A), although PE cells could bind to all substrates at

passage 0 (P0, Figure 2B). However, no cell expansion was

observed, even on FN andMatrigel, beyond P2. GFP expres-

sion and EdU-labeled cells were reduced over passages, and

cells started to detach (Figures 2C and 2D), indicating that

the culture medium may be limiting for cell survival and

proliferation.

Previous observations have shown that a combination of

signaling molecules, including epidermal growth factor

(EGF), retinoic acid (RA), and inhibitors of TGF-b and

Notch signaling, enables PE self-renewal (Trott et al.,

2017). Thus, we screened a small set of signaling molecules

individually added to our PE medium in which PE cells on

FN were cultured (Figure S2A). Among the molecules, the

TGF-b inhibitor SB431542 significantly outperformed



Figure 1. Screening of defined substrate/conditions for pancreatic epithelium (PE) expansion
(A) Schematic of in vitro differentiation of HUES4-PDX1-eGFP reporter hESC line to generate pancreatic progenitors and sorting by GFP
intensity. Cells were differentiated into PE (PDX1-eGFP+) using the Ameri protocol (Ameri et al., 2010, 2017).
(B) Schematic of the contact printing process used to produce the polymer microarray with the 384 polyacrylate/acrylamide spots detailed
in Table S1. Top: printing field organization. Bottom: a glass slide was coated with agarose, and the polymers were printed on top. Cells
were re-plated on the polymer microarray glass slide and incubated in PE medium for 72 h.
(C) Representative fluorescence-activated cell sorting (FACS) plots of HUES4-PDX1-GFP hESCs and PE cells. Gating of GFP-high and GFP-
negative cells is shown.
(D) Representative images of the GFP-high and GFP-negative cells on the microarray stained by DAPI. Scale bar: 50 mm.
(E) Plot of the best-performing polymers from the initial screen, quantifying the number of cells on each polymer 72 h after plating. The
GFP-negative (black dots) cells and GFP-high pancreatic progenitors (green dots) are shown. n = 2 biological repeats and 16 replicated
polymer spots per experiment.
(F) Quantification of the percentage of proliferative cells (EdU) and total cell numbers (DAPI) on the surface of the six selected candidate
polymers. Error bars represent the SEM of n = 3 replicated polymer spots.
other molecules, maintaining PDX1-GFP expression,

increasing EdU incorporation, and increasing total cell

recovery and expansion (Figures 2E–2G). The supplemen-

tation of 10 mMSB431542 to PEmedium enabled PE expan-

sion on both FN and PA98 (Figures S2B and S2C) and also

that of the H1 hESC-derived PE cells (Figure 2H).

Pancreatic progenitor long-term expansion leads to

enrichment of cycling PDX1+NKX6-1+ cells

Our next aimwas to test if the combination of coating with

either FN or the best polymer PA98 and the simple culture

medium enables a long-term expansion of pancreatic pro-

genitors. In addition, to test the sensitivity of the expan-

sion protocol to the method used to produce PE, we

explored another protocol developed by Rezania et al.

(2014), as well as the protocol of Ameri et al. (2010, 2017).
Differentiated PE cells from the HUES4 PDX1-GFP line

at stage 4, day 3 (S4d3) (Rezania et al., 2014), were sorted

(Figure S3A), and GFP-high cells were plated on polymer-

or FN-coated wells in PE medium supplemented with

SB431542. Quantification of cell numbers showed a cell

loss in the first 24 h after re-plating followed by efficient

increases of cell numbers with both differentiation proto-

cols (Figure S3B), leading to an average doubling time of

37.5–40.5 h. Consistent with this observation, at early

passages (below P5), the cells grew relatively slowly,

reaching confluency and requiring passage every 5–

7 days, whereas above P5, expanding PE (ePE) cells

grew stably, requiring passage every 3–4 days without

loss of GFP expression up to P10 (Figure S3C). On poly-

mer PA98, more cells were lost in the first 24 h at P0

than on FN, and confluency was thus reached in
Stem Cell Reports j Vol. 17 j 1215–1228 j May 10, 2022 1217



Table 1. The 13 polymers selected from the screening, with
monomer composition, molar ratio, and monomer type

Polymer
reference
number

Polymer structure

Monomer 1 Monomer 2 Monomer 3

Ratio (mol %)

M1 M2 M3

98a MEMA DEAEMA – 50 50 –

298 MEMA GMA – 70 30 –

299 MEMA GMA – 50 50 –

350a MMA GMA – 50 50 –

356a MMA DEAEMA – 50 50 –

359 MMA DMAEMA – 50 50 –

395 EMA DMAEMA – 50 50 –

464a MEMA DEAEMA HEA 60 30 10

470a MEMA DEAEMA HEMA 40 30 30

500 MEMA DEAEA DMAA 60 30 10

502 MEMA DEAEMA DAAM 40 30 30

528 MEMA DEAEMA – 70 30 –

529a MEMA DEAEMA – 65 35 –

aTop six polymers are indicated.
15 days. However, the cells performed as well as on FN at

subsequent passages (Figure S3D). Of note, directly differ-

entiated PE cells at S4d3 were sensitive to low-density

plating, requiring 1.5 3 105 cells/cm2 density at P0, pref-

erably in small clusters. After P5, ePE cells required less

seeding density at 5 3 104 to 6 3 104 cells/cm2. In addi-

tion, hESC line H1-derived PE cells could also be adapted

to ePE conditions successfully (Figure S3E). Although

both differentiation protocols led to effective expansion,

all quantitative subsequent work was performed with the

Rezania protocol.

To assess whether ePE cells maintain pancreatic progen-

itor identity, we examined expression of pancreatic and

endoderm markers and compared ePE cells on FN at early

(P0–P2) and late (P7–P10) passages, as well as cells

cultured on PA98 with directly differentiated cells at

S4d3 (Figure 3A). While the expression of PDX1 and

that of HNF1B were comparable under all conditions,

FOXA2 and ONECUT1 decreased approximately by half

during expansion, a significant decrease in HES1 occurred

in late ePE, and SOX9 increased. Strikingly, NKX6-1

expression increased by over 15-fold at late passages

(P7–P10) (Figure 3A). While NKX6-1+ cells were hardly de-

tected in HUES4-PDX-GFP- and WTC-11 (induced PSC,

iPSC)-derived PE cells at S4d3, about 20% of H1 cells

were NKX6-1+ by flow cytometry analysis at this stage
1218 Stem Cell Reports j Vol. 17 j 1215–1228 j May 10, 2022
(Figures 3B and 3C). While in all three lines there was a

small increase at early passages, the percentage of

NKX6-1+ cells reached 40% on average at P7–P10

(Figures 3B and 3C). In addition, the strong decrease in

NEUROG3 expression during expansion suggests that the

progenitors expanded without differentiation (Figure 3A).

Immunostaining confirmed co-expression of PDX1 with

SOX9 and NKX6-1 proteins in ePE cells (Figure 3D).

NKX6-1+ ePE cells were proliferative as indicated by EdU

incorporation (Figures 3E, S3D, and S3E). From flow cy-

tometry analysis, we found that ePE cells with the highest

NKX6-1 expression levels incorporated more EdU than

the negative population (Figures 3F and 3G), reflecting

the increase in the NKX6-1+ cell population over time.

The H1 cell line that was ascertained to be karyotypically

normal at the onset of culture remained normal at P5 (Fig-

ure 3H). In addition, ePE cells could be cryopreserved, and

thawed ePE cells retained their characteristics. To access

multilineage differentiation potency of ePE cells, they

were exposed to a minimal regime that promotes multili-

neage differentiation (Trott et al., 2017). Over the course

of 12 days, we observed upregulation of multiple endo-

crine, acinar, and ductal marker gene expression (Fig-

ure S3F), suggestive of a multipotent progenitor state.

Taken together, our ePE conditions enabled the enrich-

ment of proliferating pancreatic progenitors expressing

progenitor genes, notably, a marked increase in prolifera-

tive NKX6-1+ cells.

Transcriptome analysis of expandable pancreatic

progenitors

To thoroughly evaluate the genome-wide effects of the

expansion, we performed RNA-sequencing analyses on PE

cells from direct differentiation at S4d3 and ePE cells on

FN at early passages and late passages, as well as early-pas-

sage ePE cells on polymer PA98. For a comparison with

previous expansion on feeder layers, we also included the

transcriptomic dataset of directly differentiated pancreatic

progenitor cells (PPd15) and feeder-layer expanded (cPP)

cells from Trott et al. (2017) in the subsequent analyses.

Principal-component and clustering analyses showed

that the first and second principal components separ-

ated directly differentiated cells from expanded cells

(Figures 4A and 4B). Early and late ePE mingled, suggesting

an overall stability across time in expansion culture, and

ePE cells on FN and polymer could not be distinguished

(Figure 4B). Then, we analyzed a number of pancreas

and endoderm markers by comparing the five core ePE

samples (Figure 4B) to cells at S4d3, as well as the Trott

et al. (2017) PPd15 and cPP samples in parallel

(Figures 4C and S4A–S4D). In agreement with qPCR and

immunostaining observations, no or small changes (lower

than 2-fold) in pancreatic progenitor markers were



Figure 2. Screening of defined conditions for PE expansion
(A) Representative images of FACS-sorted HUES4-PDX1-GFP (green) PE cells on different substrates at P2 stained by Hoechst 33342 (blue).
Only fibronectin enables efficient cell attachment after passaging. Images are representative of three differentiations. Scale bar: 500 mm.
(B–D) Quantification of attached HUES4-PDX1-GFP PE cells on different substrates at P0, P1, and P2. Total number recovered (B), percent-
age of GFP+ cells (C), and percentage of EdU+ cells (D) were analyzed. Error bars represent the SEM of n = 3 experimental repeats; *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001, Dunnett’s multiple comparison of no coating control with fibronectin, laminin, vitronectin,
collagen, or Matrigel.
(E–G) Quantification of HUES4-PDX1-GFP PE cells on fibronectin by different signaling molecules at P0, P1, and P2. Total number recovered
(E), percentage of GFP+ cells (F), and percentage of EdU+ cells (G) were analyzed. Error bars represent the SEM of n = 3 experimental repeats;
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Dunnett’s multiple comparison of PE medium with PE medium containing SB431452,
EGF, RA, or N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT) individually, or all four molecules combined
(Trott’s medium).
(H) Representative immunofluorescence images of PDX1 (green), EdU (magenta), and DAPI (blue) on expandable PE (ePE) cells at P2
generated from H1 ESCs. Scale bar: 100 mm.
observed between ePE and PE S4d3 (Figures 4C and S4A;

Tables S2A and S2B), andNKX6-1was again found enriched

during expansion in ePE, whereas it was decreased in cPP.

We also observed a general downregulation of endocrine

markers in ePE (NEUROG3, RFX6, NKX2-2, and PAX4),

which was not seen in cPP (Figure 4C). Consistently, we

found that PE S4d3 cells highly expressed endocrine-en-

riched genes, and ePE cells expressed more pancreatic pro-

genitor-enriched genes than PE cells (Figure S4E), when we

compared ePE and PE S4d3 cells with the top 50 genes

differentially expressed in sorted populations of human

fetal pancreas cells (Ramond et al., 2018).

Overall, we found 763 upregulated genes and 1,550

downregulated genes (absolute log2 fold change >2,
adjusted p < 0.05), comparing ePE cells with PE S4d3 cells

(Figures 4D, S4B, and S4C; Table S2A). Among them, ePE

showed upregulation of cell-cycle genes such as CCND1

and 2,CDKN1A, andCDKN2A (Figure 4D). Gene set enrich-

ment analysis (GSEA) for Gene Ontology biological process

(GOBP) and Kyoto Encyclopedia of Genes and Genomes

(KEGG) pathway revealed the upregulation of genes

involved in inflammation, including activation of TNF

and other cytokines, as well as activation of the comple-

ment and coagulation cascades, both known to be acti-

vated by TNF-b signaling (Figures 4E and S4D; Tables S2A

and S2C). Taken together, ePE cells maintain the gene

expression profiles of pancreatic progenitors in the absence

of endocrine gene expression.
Stem Cell Reports j Vol. 17 j 1215–1228 j May 10, 2022 1219



Figure 3. Characterization of ePE cells
(A) Gene expression of PE markers (HES1, HNF1B, PDX1, FOXA2, ONECUT1, SOX9, and NKX6-1) and endocrine progenitor marker, NEUROG3, in
PE and ePE cells derived from HUES4-PDX1-GFP (open-circle dots) and H1 (red dots) ESCs. Direct differentiation indicates PE cells at S4d3
of the Rezania protocol, and ePE cells are categorized by early ePE (P0–P2), late ePE (P5–P10), and polymer ePE (P3–P4) cells. The expres-
sion levels were normalized to directly differentiated PE cells at S4d3. The error bars represent the SEM of n = 5 or 3 experimental replicates;
*p < 0.05, **p < 0.01, Mann-Whitney test comparing the result from direct differentiation PE S4d3 cells with matching ePE cells, as well as
from late to early ePE samples.
(B) Representative flow cytometry histograms showing the NKX6-1+ population of PE S4d3 (Rezania protocol), ePE early (P1–P2), and late
(P7–P8) passage cells from HUES4-PDX1-GFP (top) and H1 (bottom).
(C) Quantification of NKX6-1+ cells from HUES4-PDX1-GFP (open-circle dots), H1 (red dots), and WTC-11 (gray dots) ePE cells by flow cy-
tometry. The error bars represent the SEM of n = 8 (S4d3 and ePE early) and n = 7 (ePE late) experimental replicates; *p < 0.05, **p < 0.01,
Mann-Whitney test.
(D) Representative immunostaining images of (top) SOX9 (gray) and PDX1 (red) and (bottom) NKX6-1 (gray) and PDX1 (red), including
DAPI (blue), of HUES4-PDX1-GFP ePE cells at P7. Scale bar: 50 mm.
(E) Representative immunostaining images of EdU labeling (gray) and NKX6-1 (red), including DAPI (blue), of HUES4-PDX1-GFP ePE cells
at P7. Scale bar: 50 mm.

(legend continued on next page)
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Potency of expanding pancreatic progenitors to

differentiate into b-like cells

A hallmark of pancreatic progenitors is their ability to

differentiate into endocrine cells. We tested whether differ-

entiation could be triggered in ePE cells by applying the dif-

ferentiation stage 5 and6media of theRezania protocol and

compared them with directly differentiated cells using the

same protocol (Figure 5A). Cells at P5 or above were

differentiated either in 2D or at the air-liquid interface (Fig-

ure 5A). This led to a significant upregulation of the pan-

endocrine differentiation marker CHGA but no significant

difference in acinar differentiation assessed by AMYexpres-

sion (Figure 5B). Expression of INS was similar to direct dif-

ferentiation, but thepan-endocrinemarkerCHGA andb cell

markersMAFA,NKX6-1, and PDX1were significantly upre-

gulated in differentiated ePE cells compared with direct dif-

ferentiation (Figures 5C, S5A, and S5B). A comparison with

human islets revealed lower levels of INS and MAFA but

similar levels of NKX6-1 and PDX1 (Figures 5C and S5A)

in differentiated ePE cells. Notably, a cell marker GCG and

d cell marker SSTwere significantly decreased in ePE differ-

entiation (Figure 5C), which was also confirmed by immu-

nohistochemistry and flow cytometry (Figures 5D–5F and

S5C–S5E). However, ARXwas similar under both differenti-

ation conditions (Figure S5A), indicating that NKX6-1-

negative cells may have initiated differentiation but failed

to differentiate further toward a cells. We noted that the

air-liquid interface increased the levels of PDX1 and INS

but was similar to planar culture on FN for CHGA,

NKX6-1, GCG, and MAFA in ePE differentiation, although

therewas no difference between planar and air-liquid inter-

face conditions in direct differentiation (Figure S5B). By

flow cytometry we observed that 50% of ePE cells diffe-

rentiated into insulin-producing b-like cells at the liquid-

air interface (Figures 5E and 5F). Significantly fewer

glucagon-producing cells or INS/GCG double-positive cells

were detected in ePE differentiation than in direct differen-

tiation (Figures 5E, 5F, and S5F). The variability of differen-

tiation efficiency depended on cell lines (HUES4 versus H1)

and culture modes (planar culture versus air-liquid inter-

face), rather than passage number (Figures 5B, 5C, 5F, S5A,

S5B, and S5F). Abundant numbers of b-like cells co-express-

ing INS/NKX6-1 and C-PEP/MAFA were also detected by

immunostaining (Figures 5C and S5E). From these observa-

tions, we conclude that differentiation of ePEwasmore effi-
(F) Representative analysis of the proliferative NKX6-1+ population fro
plot showing NKX6-1 low 25% (green) and high 25% (red) gating o
NKX6-1 gated populations from the left plot. NKX6-1 high 25% po
NKX6-1 low 25% population (6.9%).
(G) Quantification of EdU+ cells among NKX6-1 low and high ePE cells
flow cytometry as shown in (F). The error bars represent the SEM of n
(H) Karyogram of ePE cells derived from H1 ESCs at P5.
cient to drive insulin-producing cells than direct differenti-

ation and decreased glucagon-producing cells.
b-like cells differentiated from ePE secrete insulin in

response to glucose

An important feature for the production of therapeutic b

cells is their functionality. To address this question, we per-

formed glucose-induced insulin secretion tests on clusters

of endocrine cells at the end of differentiation. We

observed that the endocrine clusters differentiated from

ePE cells exhibited a 2-fold increase in insulin release at a

high glucose level (20 mM) compared with a low glucose

level (2.8 mM; Figure 5G). Treatments with forskolin and

KCl triggered further insulin secretion from insulin storage.

Compared with directly differentiated endocrine clusters,

clusters differentiated from ePE showed a significantly

increased level of insulin secretion in response to both

low and high glucose as well as KCl, which may reflect

increased insulin content and higher differentiation effi-

ciency in ePE-differentiated clusters (Figure 5G). Taken

together, we confirmed that insulin-producing cells differ-

entiated from ePE were functional by secreting insulin in

response to glucose.
DISCUSSION

In this study we have defined a method enabling the

expansion of human pancreatic progenitors in 2D cultures.

Our screening identifies two matrices suitable for expan-

sion, FN and a new synthetic polymer, as well as a new,

minimal, and cost-effective fully definedmedium formula-

tion. Its simplicity and reproducibility provide useful

opportunities in the development of b cell therapies for

diabetes treatment, to expand cells in the middle of the

production pipeline, in addition to hESC expansion.

Importantly, we show that the expansion conditions

enable the accumulation of cycling NKX6-1+ cells over

time, which facilitates b-like cell production. In addition,

differentiation of ePE toward b cells generates mostly sin-

gle-hormone-producing b-like cells, possibly due to the

enrichment of NKX6-1+ cells during the expansion. We

further demonstrate the capacity of ePE cells to differen-

tiate into b-like cells that are able to secrete insulin in

response to glucose. We validated this protocol with two
m ePE cells by flow cytometry. (Left) Representative flow cytometry
f ePE cells among PDX1+ cells. (Right) EdU labeling histograms of
pulation (red) shows more EdU+ events (23.9%), compared with

from HUES4-PDX1-GFP (open-circle dots) and H1 (red dots) cells by
= 4 experimental replicates; *p < 0.05, Mann-Whitney test.
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Figure 4. Transcriptome analysis for PE expansion and comparison to a previous protocol
(A) Principal-component analysis of transcriptomic data with top 1,000 differentially expressed genes for PE S4d3, early passage ePE (P0–
P2), and late passage ePE (P7–P9), as well as ePE cells cultured on polymers (P3). Sequencing was performed on biological triplicates for
each category. The expression dataset of PPd15 (directly differentiated PE cells) and cPP (expanded progenitor) cells from Trott et al.
(2017) was also included.
(B) Hierarchical clustering of the transcriptome datasets specified in (A), showing sample-to-sample distances. The cell types are color
coded as in (A). Colored boxes correspond to the ePE (red), cPP (green), PE S4d3 (blue), and PPd15 (yellow) samples selected for further
analysis in (C).
(C) Expression analysis of selected genes from PE S4d3 and ePE cells, as well as cells from Trott et al. (2017). Normalized transcript counts
of genes are shown. Expanded cells were compared between two protocols, as well as with their respective control of directly differentiated
cells; *p < 0.05, **p < 0.01, Mann-Whitney test.
(D) Volcano plot representing differential expression analysis of ePE compared with PE S4d3 cells, where red dots indicate genes that are
upregulated (log2FC > 2, padj < 0.05), and blue dots indicate genes that are downregulated (log2FC < �2, padj < 0.05).
(E) Gene set enrichment analysis (GSEA) for Gene Ontology biological process (GOBP) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway of ePE cells compared with PE S4d3 cells. Normalized enrichment scores (NES) for significant GOBP and KEGG pathway
terms enriched for ePE are shown in red and for those enriched in PE S4d3 cells are shown in blue (false discovery rate [FDR] < 0.05).
hESC lines (H1 and HUES4) and an hiPSC (WTC-11) line

andnote that cluster seeding and reachinghigh confluency

in early passages are critical to achieve a successful ePE

adaptation.

While expansion of pancreatic progenitor cells during

the process of pancreatic differentiation toward b cell pro-

duction has been previously pioneered (Trott et al.,

2017), this condition requires a feeder layer, and the cells

lose an important hallmark of progenitors, NKX6-1. Our

observed rate of expansion without feeders under fully
1222 Stem Cell Reports j Vol. 17 j 1215–1228 j May 10, 2022
defined conditions is similar to that previously reported

(Trott et al., 2017). Based on the transcriptome of our ePE

cells, the culture conditions enable themaintenance of sta-

ble genetic profiles of bona fide pancreatic progenitors.

Enrichment ofNKX6-1 during differentiation has been pre-

viously reported, but none of the components that pro-

moted its expression (EGF, nicotinamide, NOGGIN) are

included in our medium (Nostro et al., 2015). However,

longer exposure to FGF10 was shown to promote

NKX6-1, and it is possible that FGF2, which we include,



Figure 5. Endocrine differentiation of ePE cells
(A) Schematic diagram of endocrine cell differentiation from PE S4d3 and ePE cells at P5, P7, or P10 in planar culture or on the air-liquid
interface.
(B) Gene expression profile of CHGA and AMY from HUES4-PDX1-GFP (open symbols) and H1 (red symbols) cells at S6d15 differentiation,
from either directly differentiated or ePE cells (FN at P5–P10 or polymer at P3). Samples were normalized to directly differentiated samples,
and ePE cells (n = 5) were used as a negative control. Error bars represent the SEM of n = 9 or 12 experimental replicates; ****p < 0.0001,
Mann-Whitney test comparing the data of ePE differentiation with those of direct differentiation.
(C) Gene expression profile of NKX6-1, INS, MAFA, GCG, and SST from HUES4-PDX1-GFP (open) and H1 (red) cells at S6d15 differentiation,
from either directly differentiated or ePE cells (FN at P5–P10 or polymer at P3). Samples were normalized to directly differentiated samples.
Human islets (n = 3) and ePE cells (n = 5) were used as positive and negative controls, respectively, for endocrine genes. Error bars repre-
sent the SEM of n = 9 or 12 experimental replicates; **p < 0.01, ***p < 0.001, ****p < 0.0001, Mann-Whitney test comparing the data of
ePE differentiation at S6d15 with those of direct differentiation.
(D) Representative immunostaining images of NKX6-1, INS, GCG, C-PEP, and MAFA (as color-coded on the corresponding lines) for ePE (P9)
differentiation at S6d15. Scale bar: 50 mm.
(E) Representative flow cytometry plots showing INS and GCG staining in populations of direct differentiation and ePE differentiation at
S6d15.

(legend continued on next page)
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acts in a similar way. In addition, long exposure to a me-

dium containing RA, which is used in the formulation of

the Trott medium (Trott et al., 2017), decreases the

NKX6-1+ population (Nostro et al., 2015). NKX6-1 expres-

sion would suggest that ePE cells are bipotent progenitors

with high b cell differentiation potency by analogy to

mice (Schaffer et al., 2010), and high levels of NKX6-1

have also been proposed to be necessary to produce b cells

in humans (Russ et al., 2015). Since ePE cells can increase

amylase and more moderately other acinar markers in a

multilineage differentiation protocol, it is possible that

some cells are multipotent. We hypothesize that our cul-

ture conditions increase the number of NKX6-1-expressing

cells over time, because they preferentially promote the

proliferation of the NKX6-1+ population. However, at this

point, it is not clear how the simple conditions can pro-

mote proliferation of NKX6-1+ cells. As TGF-b signaling is

known to inhibit pancreatic progenitor proliferation (San-

vito et al., 1994), TGF-b inhibition may have caused the

increased proliferation of ePE cells. This increased prolifer-

ation may be through NKX6-1 regulation of progenitor

proliferation, since NKX6-1 occupies multiple cell-cycle

genes, such as Cdk8, Cdkn1b, and Ccnl1, and indirectly reg-

ulates CCND2 in mouse b cells (Taylor et al., 2015). A sur-

prising feature of ePE cells is the increase of TNF-a and its

downstream signaling cascades. While these cytokines are

frequently produced by immune cells, notably macro-

phages, the absence of SPI1 (PU.1) and FLT3 and lack of

upregulation of RUNX1 and major histocompatibility

complex (MHC) class II genes make the presence of macro-

phages/antigen-presenting cells unlikely. Interestingly, a

sorted pancreatic progenitor population of human fetal

pancreas exhibits upregulation of inflammatory response

genes compared with more differentiated cell populations

(Ramond et al., 2018), and TNF-a, other cytokines, and

coagulation and complement cascade genes have previ-

ously been seen to be produced by epithelia (Roulis et al.,

2011). It is notably upregulated upon epithelial disruption

(Poernbacher and Vincent, 2018) and promotes regenera-

tion and wound healing in multiple tissues (Akerman

et al., 1992; Nguyen-Chi et al., 2017), indicating that ePE
(F) Quantification of INS+ and GCG+ cells in populations of direct diffe
at the air-liquid interface with legend shown in (B). The error bars re
Whitney test comparing the data of ePE differentiation at S6d15 with
(G) Functional characterization of insulin-producing cells generated
Sequential static glucose-stimulated insulin secretion (GSIS) assay
aggregates at S6d15 challenged with low (2.8 mM) and high (20 mM
xanthine (IBMX) + forskolin and KCl in the interval of 30 min. The dot
bars represent the SEM of n = 6 or 4 experimental replicates, two techn
paired two-tailed t test comparing the data of insulin secretions wit
forskolin, or high glucose with KCl with low glucose (2.8 mM) stimulati
between ePE and direct differentiation.
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cells may self-activate the TNF-a response following

passaging.We also note that some of the genes upregulated

in ePE compared with directly differentiated S4d3 cells

have been reported as ductal markers in the adult pancreas

(SPP1, AREG, TM4SF1, C3, CCL20, and SERPINE1) (Baron

et al., 2016; Qadir et al., 2020). Although these markers

may also be expressed in progenitors, it is conceivable

that some ductal cells are also propagated along with the

progenitors, although the numerous cells expressing

NKX6-1 are expected to be progenitors.

Interestingly, the gene expression signatures detected on

FN and on the polymer PA98 were very similar. Our results

show that this polymer can be used to expand pancreatic

progenitors in the absence of exogenous ECM. Under these

conditions, the cells tend to form more clusters, although

they also adhere to the substrate or polymer. While we

have performed validation of expansion on one polymer,

other polymers would be worth further investigations.

The polymers selected during screening were all based on

the two monomers 2-methoxyethyl acrylate (MEMA) and

2-(diethylamino)ethyl methacrylate (DEAEMA), with, in

some instances, a third monomer such as 2-hydroxyethyl

acrylate (HEA) or dimethyl acrylamide (DMAA).

From a therapeutic perspective, expanding pancreatic

progenitors will be advantageous to scale up the produc-

tion of b cells. Our method gives the opportunity to

conduct differentiation on fewer hESCs or iPSCs and

fewer differentiation experiments, as well as fewer steps

of differentiation by bypassing four differentiation steps,

all of which can be a source of variability. This system

thus shortens the differentiation time frame. It also en-

ables further expansion from frozen stocks of ePE, as

thawed cells perform well. We expect ePE cells to be a use-

ful tool for basic studies to investigate what controls

pancreatic progenitor proliferation and how gene variants

that predispose to diabetes may affect b cell development

at this stage. To be useful for therapeutic purposes, a

further increase in the differentiation efficiency will be

desirable, but the glucose responsiveness of the cells is a

promising feature, as well as the minimal numbers of a

cells and double-positive hormonal cells produced. As PE
rentiation (gray bars) and ePE differentiation (white bars) at S6d15
present the SEM of n = 9 experimental replicates; *p < 0.05, Mann-
those of direct differentiation.

from ePE (open-circle dots) or direct differentiations (black dots).
comparing the insulin secretion of ePE or directly differentiated
) glucose in the interval of 1 h and also with 3-Isobutyl-1-methyl-
plot shows insulin content in 1,000 cells for each condition. Error

ical replicates, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,
h treatment with high glucose (20 mM), high glucose with IBMX +
on; unpaired two-tailed t test comparing the data of each treatment



expansion can be performed in 2D and in 3D Matrigel

(Goncalves et al., 2021), it may be adaptable to produc-

tion in suspension, which would be beneficial for further

scale-up.
EXPERIMENTAL PROCEDURES

Detailed methods are provided in the supplemental experimental

procedures. Antibodies, primers, and all the reagents are listed in

Tables S3, S4, and S5, respectively.

Human ESC and iPSC lines
The H1 hESC line was obtained from WiCell, and the HUES4

PDX1-GFP reporter hESC line was previously reported (Ameri

et al., 2017). The WTC-11 hiPSC line was obtained from the

NIGMS Human Genetic Cell Repository of the Coriell Institute

Biobank. Human ESC lines were approved for use in this project

by De Videnskabsetiske Komiteer, Region Hovedstaden, under

no. H-4-2013-057, Denmark, as well as by the Robert Koch Insti-

tute, Germany.

In vitro differentiation of pancreatic progenitors from

hPSCs
We generated pancreatic progenitors with two distinct protocols,

as previously described (Ameri et al., 2010; Rezania et al., 2014),

with small modifications as described in the supplemental experi-

mental procedures.

Polymer library synthesis and printing
The libraryof polyacrylates/acrylamideswas describedpreviously and

was synthesized as reported by Mizomoto (2004), and detailed infor-

mation is available in the supplemental experimental procedures.

Three hundred eighty-two selected polyacrylate/acrylamide solutions

(1%w/v inN-Methyl-2-pyrrolidone(NMP))andtwonegativecontrols

(NMP)wereprintedonagarose-coatedslides inaGenetixQArraymini

contact printer, with pins of 4 3 8, tip diameter of 150 mm, spaced

4.5mmfromoneanother (Figure1BandTableS1). Second-generation

microarrays (hit arrays) were obtained by printing 30 polymers, with

16 replicas of each.

Polymer microarray assay and imaging
SortedGFP-positive or GFP-negative PE cells (13 106) as well as un-

differentiated ESCs were plated per microarray slide and cultured

for 24 h. After fixation, high-content imaging was performed

and cells were counted as a readout. For the second array, 13

polymer solutions were spotted on agarose-coated glass slides

(1 mL/spot) alongside an NMP control, in triplicate. Seeded PE cells

on arrays were incubated for 72 h and then with EdU (Thermo

Fisher) for 30 min for a proliferation assay followed by EdU label-

ing and immunostaining for DAPI, PDX1, and GFP (Table S3).

Screening of defined coating substrate and condition

for PE expansion
ECM substrate coatings were tested with 1 3 105 sorted GFP-high

PE cells of the HUES4-PDX1-GFP line from the Ameri protocol in
a 24-well plate format, including 100 mg/mL collagen IV, FN,

laminin, or vitronectin (Sigma), as well as with Matrigel (GRF-

Matrigel; Corning) diluted 1/30 in DMEM/F12 GlutaMAX.

Different signalingmolecules or inhibitors reported in Trott et al.

(2017)were also testedwith 13 105 sortedGFP-highPE cells on FN.

At day 7, P0 cells were dissociated with Accutase (Thermo Fisher

Scientific) for 5 min and collected for cell counting, GFP and EdU

detection by flow cytometry, and passaging.
ePE cell expansion under 2D conditions
Polystyrene cell culture plates (Corning) were coated with FN

human plasma solution (Sigma-Aldrich) for 1–2 h at room temper-

ature at the concentration of 100 mg/mL. Differentiated PE cells or

sorted PE cells were re-suspended in ePE medium (DMEM/F12

GlutaMAX (Thermo Fisher Scientific), 64 ng/mL FGF2 (Peprotech),

13 B-27 (Thermo Fisher Scientific), and 10 mM SB431542 (Santa

Cruz Biotechnology) supplemented with 10 mM ROCK inhibitor

Y-27632 (Sigma). The cells were plated at a density of

1.58 3 105/cm2 at P0. The medium was changed to ePE medium

without ROCK inhibitor 24 h after re-plating and then the cells

were fed every 2–3 days until passaging after 5–7 days in culture

for cells at P0–P5 or 3–4 days cells at later passages.
Flow cytometry and immunohistochemistry analysis

of hESCs and ePE cells
The detailed methods are described in the supplemental experi-

mental procedures. Antibody sources and concentrations are listed

in Table S3.
EdU detection in differentiated hESCs and ePE cells
After 3–5 days of culture in ePE medium, ePE cells were incubated

with 10 mM EdU in ePE medium for 1 h at 37�C. Following this,

they were prepared for flow cytometry or imaging as described in

the supplemental experimental procedures. Permeabilization,

blocking, and Click-iT reaction for EdU detection were performed

according to the manufacturer’s instructions.
Karyotyping
The karyogram was analyzed on metaphase spreads of ePE cells

derived from H1 cells at P5 (Organisation Genetische Diagnostik

Institut für Klinische Genetik Medizinische Fakultät Carl Gustav

Carus TU Dresden).
Multilineage pancreatic differentiation of ePE cells
Multilineage differentiation was performed with a protocol adapt-

ed from Trott et al. (2017), for both planar culture and air-liquid

interface differentiation from ePE cells.
Endocrine differentiation of hPSCs and ePE cells
For planar endocrine differentiation, hESCs were differentiated by

the Rezania protocol until stage 6 (Rezania et al., 2014). For air-

liquid interface endocrine differentiation, 1 3 105 cells at S4d3

or in ePEwere spotted on themembrane surface of aMillicell insert

(Millipore) and cultured in stage 5 and 6 medium (Rezania et al.,

2014).
Stem Cell Reports j Vol. 17 j 1215–1228 j May 10, 2022 1225



Static glucose-stimulated insulin secretion (GSIS)

assay
ePE cells at P5 and P10 were differentiated as described above. At

the end of stage 6 of differentiation, 10–15 aggregates were rinsed

twice with incubation buffer and exposed sequentially to glucose

and secretagogues. Supernatants were collected after each incuba-

tion step and analyzed using a Mercodia human insulin ELISA kit

(Mercodia). At the end of the experiment, cell aggregates were

dissociated into single cells, and the cell numbers were counted

to normalize the GSIS.

RNA-sequencing analysis of gene expression
Sequencing libraries were prepared from 250 ng of purified total

mRNA using the NEBNext Ultra II RNA Library Prep Kit for Illumina

(NEB). Single-read RNA sequencing was performed using the

NextSeq500 (Illumina)withthe75HighOutputKit (Illumina).Fastq

files were aligned to the hg38/GRCh38 genome. Detailed analysis

methodsareprovided in the supplemental experimentalprocedures.

Statistical analyses
Data representation and statistical analyses were performed using

GraphPad Prism. Unless mentioned otherwise, data are shown as

the mean ± SEM and numbers (n) refer to biologically independent

replicates. Statistical significance (p < 0.05) was determined, as indi-

cated in the figure legends, using Dunnett’s multiple comparison,

Mann-Whitney test, paired two-tailed t test, or unpaired two-tailed

t test.

Data and code availability
The accession number for the sequencing data reported in this pa-

per is [https://www.ebi.ac.uk/arrayexpress/]: E-MTAB-9992.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2022.03.013.
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