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Few effective treatments have been developed for intractable pancreatic exocrine disorders due to
the lack of suitable disease models using human cells. Pancreatic acinar cells differentiated from
human induced pluripotent stem cells (hiPSCs) have the potential to solve this issue. In this study, we
aimed to elucidate the developmental mechanisms of pancreatic exocrine acinar lineages to establish
a directed differentiation method for pancreatic acinar cells from hiPSCs. hiPSC-derived pancreatic
endoderm cells were spontaneously differentiated into both pancreatic exocrine and endocrine
tissues by implantation into the renal subcapsular space of NOD/SCID mice. Single-cell RNA-seq
analysis of the retrieved grafts confirmed the differentiation of pancreatic acinar lineage cells and
identified REG#4 as a candidate marker for pancreatic acinar progenitor cells. Furthermore, differential
gene expression analysis revealed upregulated pathways, including cAMP-related signals, involved

in the differentiation of hiPSC-derived pancreatic acinar lineage cells in vivo, and we found that a
cAMP activator, forskolin, facilitates the differentiation from hiPSC-derived pancreatic endoderm
into pancreatic acinar progenitor cells in our in vitro differentiation culture. Therefore, this platform
contributes to our understanding of the developmental mechanisms of pancreatic acinar lineage cells
and the establishment of differentiation methods for acinar cells from hiPSCs.

Keywords iPSC, Pancreas, Acinar cell, Single-cell transcriptome, REG4, Forskolin

The pancreas is mainly composed of acinar cells, duct cells, and islets of Langerhans and is involved with two
principal exocrine and endocrine functions!. Acinar cells constitute most of the pancreas and are responsible for
exocrine functions through the secretion of pancreatic juice containing digestive enzymes into the duodenum
through the pancreatic duct?. Acinar cells synthesize various digestive enzymes, such as amylase, trypsin, and
lipase, to digest carbohydrates, proteins, and fats, respectively?. Whereas the nucleus and endoplasmic reticulum
(ER) for synthesizing digestive enzymes and proteins are localized on the basal side of acinar cells, zymogen
granules for storage and secretion of digestive enzymes are on the apical side?. Several ion transporters are
expressed in pancreatic duct cells, which serve the vital function of bicarbonate ion and water secretion.
Cells located at the junction of the acinus and duct are called centroacinar cells. Although these cells have the
characteristics of duct cells, they may also function as pancreatic progenitor cells involved in regeneration®. On
the other hand, the islets of Langerhans, which exert endocrine functions, occupy only about 1% of the total
pancreas weight and consist of multiple endocrine cells, such as a, B, and 8 cells that secrete different hormones®.

Diabetes is a typical endocrine disease, while common exocrine disorders include pancreatic cancers
and pancreatitis, as well as congenital diseases, such as cystic fibrosis and hereditary pancreatitis. Detailed
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pathophysiological mechanisms of intractable exocrine pancreatic disorders remain scant, with few effective
treatments having been developed, partly due to the lack of suitable disease models. While mice are mainly used
as experimental animals, species differences often act as roadblocks to translation. Primary cultured cells derived
from pancreatic cancer patients may behave differently once removed from the body®. In addition, isolated
human pancreatic acinar cells undergo apoptosis rapidly during culturing, with some cells transdifferentiating
spontaneously into mesenchymal and duct cells”. As isolated acinar cells in mice and rats also easily differentiate
into duct-like cells®, difficulties associated with long-term acinar cell cultures limit their use®. Therefore, suitable
disease models that reproduce the pathophysiological conditions of human exocrine pancreatic disorders are
required.

Since pluripotent stem cells, such as embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs),
were established, substantial progress has been made in regenerative therapies, drug discovery, and disease
modeling using them, including in the field of pancreatic diseases’!2. However, although there has been a
gradual increase in reports on the generation of pancreatic acinar lineage cells from ESCs/iPSCs, the induction
of acinar cells has yet to be fully established!!-%°. Efficient induction methods recapitulating the developmental
process for differentiating human ESCs/iPSCs into pancreatic acinar lineage cells are necessary to elucidate the
pathophysiology of exocrine pancreatic disorders and develop novel therapeutic agents.

After differentiating into embryonic germ layers via the anterior primitive streak, the definitive endoderm
segments into the foregut, midgut, and hindgut in mice?!. Subsequently, monolayer epithelial cells protrude from
the posterior foregut expressing pancreatic and duodenal homeobox 1 (Pdx1) thicken and further differentiate
to form pancreatic buds at embryonic day (E) 9.5, which express both pancreas-associated transcription factor
la (Ptfla) and NK6 homeobox 1 (Nkx6.1) and are crucial for the formation of pancreatic epithelia during early
stages?!~2%. The primary transition in pancreatic development during E9.5-12.5 is an active and proliferative
phase in which monolayer pancreatic buds become stratified squamous epithelium and further form multiple
microlumens inside the epithelia?*>?, At the end of the primary transition, the pancreatic epithelia begin
dividing into the tip and trunk domains. Whereas multipotent progenitor cells (MPCs) are located at the tip
domain, bipotent progenitor cells for endocrine and duct lineages comprise the trunk domain. The fate of each
pancreatic lineage is decided during the secondary transition at E13.52:2>2, After E13.5, MPCs that dominate
the tip domain and express marker genes Ptfla and carboxypeptidase Al (Cpal), but not Nkx6.1, eventually
differentiate into pancreatic acinar cells?*>*. However, the differentiation mechanisms of acinar lineages in
pancreatic development have not been fully elucidated, and the detailed expression pattern of pancreatic acinar
markers, including those associated with digestive enzymes, remains unknown in both mice and humans.

In this study, we have created a differentiation system to form both exocrine and endocrine pancreatic lineages
by combining in vitro and in vivo cultures of pancreatic endoderm cells derived from human iPSCs (hiPSCs).
Single-cell RNA sequencing (scRNA-seq) of human pancreatic tissues revealed the differentiation mechanisms
and temporal gene expression profiles of pancreatic acinar lineages during the differentiation process, which will
contribute to the establishment of a selective induction method for pancreatic acinar lineage cells from hiPSCs.

Results

hiPSC-derived pancreatic endoderm cells differentiate into early embryonic pancreatic
tissues in vivo

According to our previously reported method?3, the hiPSC line 585A1%° was differentiated into PDX1*NKX6.1*
pancreatic endoderm cells, which can differentiate into both pancreatic exocrine and endocrine lineage cells'”°
(Fig. 1A). While numerous studies have reported the generation of pancreatic endocrine lineages and f cells
for diabetes treatment’'~%, differentiation protocols for inducing hiPSC-derived pancreatic endoderm cells
into pancreatic acinar lineage cells in vitro have not been fully established'!-?. Thus, referring to previous
studies reporting the implantation of pancreatic progenitor cells into immunodeficient mice that results in
the differentiation of functional B cells in vivo?®31:343839 we attempted to utilize the in vivo environment to
facilitate the differentiation of hiPSC-derived pancreatic endoderm cells into pancreatic acinar lineages by
implanting them into the renal subcapsular spaces of immunodeficient NOD.CB17-Prkdc*/] (NOD/SCID)
mice (Fig. 1A). We used aggregate cultures at Stage 4 to efficiently generate pancreatic endoderm as a previous
study reported that the differentiation into pancreatic epithelia is facilitated by increasing cell-cell adhesion®’.
In addition, we assumed that cells in planar cultures may easily break apart and that cellular aggregates are
easier to handle and would undergo less cell loss after being implanted into mouse renal subcapsules than cells
grown in planar cultures. Inmunostaining of pancreatic endoderm cell aggregates prepared for transplantation
confirmed PDX1*NKX6.1* cells in aggregates (Fig. 1B). Flow cytometry analysis also showed that PDX1* and
PDX1*NKX6.1* cells accounted for approximately 90% and 35% of the aggregates, respectively (Fig. 1C).

In kidneys collected by sacrificing NOD/SCID mice, grafts were confirmed as white protuberances under
the renal capsule (Fig. 1D, blue arrows). Grafts were collected and histologically examined on days 0, 7, 14, 21,
and 30 after implantation to evaluate the differentiation states (Figs. 1E, S1). Hematoxylin—Eosin (HE) stained
sections at the central portions of grafts on days 0, 7, 14, 21, and 30 suggest that the cell density was higher on day
14 than on day 7. (Fig. S1A). By immunostaining, grafts exhibited disorganized structures on days 0 and 7 after
implantation, with structural changes observed after 14 days and the cell polarity marker Mucin 1 more clearly
expressed in the microlumen-like structures after 21 days, indicating the reproduction of the primary transition
(Fig. 1E, S1B). After 30 days, branching structures were observed, in which tip-like cell populations expressing
acinar markers, CPA1, PTF1A, and serine protease 1 (PRSS1), were separately developed from trunk-like cell
populations expressing NKX6.1 and sex-determining region Y box 9 (SOX9) (Fig. 1E, S1B,C). In addition, cell
populations expressing endocrine markers, such as INSULIN (INS) and GLUCAGON (GCG), were observed
beside these branched structures (Fig. S1C). The findings on day 30 might mimic the process at the end of the
primary transition to the secondary transition (Fig. 1E, S1B,C). These results indicate that grafts correspond to
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Fig. 1. In vivo differentiation of hiPSC-derived pancreatic endoderm cells mimics early pancreatic
development. (A) A schematic representation of induction of hiPSC-derived pancreatic endoderm cells and
implantation into immunodeficient mice. A, activin A; C, CHIR99021; Y, Y-27632; K, KGF; N, Noggin; KC,
KAAD-cyclopamine; TT, TTNPB; E, EGE. (B) Immunostaining of hiPSC-derived cells on Stage 4 Day 6 (total
day 17) before implantation for PDX1 (green), NKX6.1 (red), and nuclei (blue). (C) Induction efficiency of
hiPSC-derived PDX1*NKX6.1* pancreatic endoderm cells on Stage 4 Day 6 (total day 17) before implantation,
as evaluated by flow cytometry. Data from three independent experiments are presented as mean+SD (n=3).
(D) Macroscopic images of grafts under the left renal capsule of a NOD/SCID mouse sacrificed 30 days after
implantation (upper panel) and following isolation from the host mouse kidney (lower panel). Blue arrows
indicate grafts. (E) Immunostaining of grafts on the indicated days after implantation for CPA1 (green) and
NKX6.1 (red; upper panels), Mucin 1 (green) and E-CADHERIN (red; middle panels), and PRSS1 (green) and
nuclei (blue; lower panels). Note that background signals were found in the host mouse kidney (MK). Scale
bars: 100 pm in (B) and (E) and 5 mm in (D).
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early embryonic pancreatic tissues and could be used to examine the differentiation process of pancreatic acinar
lineages.

scRNA-seq analysis reveals differentiation dynamics during the transition from pancreatic
endoderm cells to acinar lineage cells

Having observed the differentiation of hiPSC-derived pancreatic endoderm cells into pancreatic epithelia in vivo,
we next examined the transition from pancreatic endoderm cells to acinar lineage cells. Structural changes were
observed on day 14 after implantation, and the appearance of microlumen-like structures and the expression
of PRSS1 was observed after 21 days (Fig. 1E). Based on these findings, we performed scRNA-seq at three
timepoints: days 0 (before implantation), 11, and 25 after implantation. First, cellular aggregates formed from
hiPSC-derived PDX1*NKX6.1" pancreatic endoderm cells were used as day 0 samples. Then, the aggregates
were implanted into renal subcapsules of NOD/SCID mice, and the grafts on days 11 and 25 after implantation
were collected for analysis. After carefully isolating the grafts from renal parenchyma and capsule of host mice,
contaminated mouse cells, including blood cells, were eliminated by flow cytometry sorting using mouse-
specific CD45, H-2, and TER-119 antibodies and human-specific CD147 and CD298 antibodies*!~** (Fig. S2).
The number of cells before and after sorting on days 0, 11, and 25 was 1.44x 104, 12.5x10%, and 20.2x 10*
and 0.25x10% 0.60x 10%, and 1.15x 10%, respectively. Therefore, the purification efficiency was 17.4%, 4.8%,
and 5.7% for samples from days 0, 11, and 25, respectively (Fig. S2). Since we found that diverse tissues were
organized over time (Fig. 1E) and assumed that more cells would be needed to capture the increased diversity
at later time points, we collected 2500, 6000, and 11,500 cells on days 0, 11, and 25, respectively, totaling 20,000
human cells for scRNA-seq. From these 20,000 cells, 8222 cells were detected in micro-wells of the cartridge, of
which 8189 cells were single-tagged. After quality control (QC; see Materials and Methods), we retained 6455
cells for subsequent analysis (Fig. S3).

To visualize cell populations from the randomly plotted cells by scRNA-seq analysis, we set the optimal
dimension and resolution by referring to the elbow plot (dimension =63, resolution=0.8). As a result, a total of
6455 cells consisting of 1236, 2180, and 3039 cells on days 0, 11, and 25, respectively, were classified into fourteen
clusters using the t-distributed Stochastic Neighbor Embedding (tSNE) method (Fig. S4A). As indicated by the
heatmap that shows highly expressed genes representative of each cluster, pancreatic precursor cells (cluster 2),
pancreatic exocrine cells (clusters 8 and 10), and pancreatic endocrine cells (clusters 0, 1, and 12) were roughly
classified as pancreas-related cell populations (Fig. S4B, Supplementary Table 1). Although the majority of cells
collected on day 0 were grouped into clusters 2 and 5 (Fig. S4A, right panel), cluster 5 was classified as a duodenal
population due to the expression of enteroendocrine cell markers, NUROG3 and CCK** and thus was excluded
from subsequent analyses of pancreas-related cell populations (Fig. S4B, Supplementary Table 1).

Next, to better understand the differentiation dynamics of pancreatic lineages, only the six clusters annotated
as pancreatic cells (clusters 0, 1, 2, 8, 10, and 12) were reclustered. The optimal dimension and resolution were
set by referring to the elbow plot (dimension =23, resolution=0.8), with a total of 3604 cells consisting of 820,
2020, and 764 cells on days 0, 11, and 25, respectively, classified into sixteen clusters using the tSNE method
(Fig. 2A). We detected the expression of pancreatic endoderm markers, PDX1, NKX6.1, PTFIA, and SOX9,
pancreatic endocrine cell markers, CHGA, INS, and GCG, and pancreatic acinar cell markers, PRSS1, SPINKI,
CPA1, CPA2, CPBI, and CTRC, in different clusters (Fig. 2B). The expression levels of PDX1, NKX6.1, PTFIA,
SOX9, CHGA, INS, PRSS1, and CPA1 in each cluster are also quantified as violin plots in Fig. S5A. Most INS- or
GCG-expressing cells appeared on day 11 and were grouped into clusters 0 and 1 (Fig. 2A,B). We created feature
plots to visualize the expression of INS and GCG in each single cell on days 0, 11, and 25 (Fig. S6). The plots show
that whereas many cells expressed both INS and GCG on day 11, the number of cells expressing only INS or GCG
was higher than those expressing both by day 25, indicating cells transitioned from poly- to mono-hormonal
over time.

Differentiation dynamics were examined by RNA velocity analysis using scVelo, which predicts the fate of
individual cells by focusing on the ratio of newly transcribed precursor-mRNAs (unspliced) to mature mRNAs
(spliced) and indicates the direction and magnitude of changes of cellular state>4® (Fig. 2C, upper panel). We
also constructed the velocity map focused on clusters 5, 11, and 12 and confirmed that the streamlines of the
velocity vector field are downward from cluster 12 to cluster 11 and rightward from 11 to 5, which indicates that
transitions from cluster 12 to cluster 5 proceed through cluster 11 (Fig. 2C, lower panel). Although cluster 2 was
categorized initially as a pancreatic precursor cell population before reclustering, the procedure reoriented these
cells into new clusters: pancreatic endoderm cells (cluster 12: as determined by gene expression distribution and
RNA velocity), acinar cells (cluster 5: higher expression of pancreatic acinar genes SPINK1, CPAI, CPA2, and
CTRC than cluster 11), and acinar progenitor cells, which are cells at the intermediate stage between pancreatic
endoderm and acinar cells (cluster 11: higher expression of SPINK1, PTF1A, CPA1, and CPA2 than cluster 12;
Fig. 2A-C).

To characterize the differentiation dynamics of pancreatic acinar lineage cells, we performed pseudo-
temporal ordering analysis by partition-based graph abstraction (PAGA)*” after narrowing down the clusters to
5,11, and 12 (Figs. 2D, S5B). As a result, pseudotime analysis enabled the visualization of pancreatic acinar gene
expression dynamics during the differentiation process from hiPSCs to pancreatic acinar lineage cells, showing
the expression levels of CPA2, CTRC, and SPINK1 to peak relatively earlier than CPA1 and PRSSI (Fig. 2D). We
then constructed feature plots showing the expression of PRSSI, SPINK1, CTRC, CPA1, CPA2, and CPBI along
weeks post-conception and across cell types including early tip, tip, and acinar stages by reanalyzing a previously
reported human fetal pancreas dataset’® (Fig. S7A-D). These plots revealed that while CPA2 and SPINK1 are
expressed during relatively early developmental stages of acinar lineages, PRSS1, CTRC, and CPBI are expressed
in later stages (Fig. S7D), consistent with our results, thus indicating that our hiPSC-based acinar differentiation
model reproduces aspects of acinar lineage development in human embryos. Therefore, we successfully
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Fig. 2. Transition dynamics of differentiation states from pancreatic endoderm cells to pancreatic acinar

cells revealed by scRNA-seq. (A) Clustering of cells using the tSNE method (left panel) and distribution of
cells on the indicated days (right panels). Only the six clusters annotated as pancreatic cells (clusters 0, 1, 2,
8,10, and 12) in Fig. S4 (n=96 for pancreatic endoderm aggregates, n=8 for day 11 grafts, and n=5 for day

25 grafts) were reclustered. (B) Distribution of cells expressing marker genes for pancreatic endoderm cells
(PDX1, NKX6.1, PTF1A, and SOX9), pancreatic endocrine cells (CHGA, INS, and GCG), and pancreatic acinar
cells (PRSS1, SPINK1, CPA1, CPA2, CPB1, and CTRC). (C) The direction and magnitude of differentiation
stage transition among cell populations by RNA velocity. The lower boxed panel shows the velocity map by
selecting clusters 5, 11, and 12. (D) Visualizing the differentiation stage transition from pancreatic endoderm
to acinar lineage cells (upper panel) and changes in the expression of pancreatic acinar marker genes during
the differentiation process (lower panel) by pseudotime analysis.
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established a system for analyzing human acinar lineage differentiation by facilitating in vivo differentiation of
hiPSC-derived pancreatic endoderm cells generated in vitro.

REG# is a candidate marker for pancreatic acinar progenitor cells

Next, we focused on pancreatic acinar progenitor cells to identify specific markers for this subpopulation for
more efficient generation of pancreatic acinar cells from hiPSCs. To examine the expression of specific genes
in acinar progenitor cells, we first extracted a group of differentially expressed genes (DEGs, |log2FC|> 1, P
value< 0.01) common between acinar progenitor cells (cluster 11) and pancreatic endoderm cells (cluster 12),
acinar cells (cluster 5), endocrine cells (cluster 2), or duct cells (cluster 3; Supplementary Table 2). Among the
top 100 genes whose expression levels were significantly higher in acinar progenitor cells (cluster 11) than in
other clusters evaluated using DotPlot, 34 genes were selected based on significantly lower expression levels in
endocrine cells (cluster 2) and duct cells (cluster 3) than in acinar cells (cluster 5) (Figs. 3A, S5C, Supplementary
Tables 2, 3). SPINK and CTRC were excluded from this list because their expression levels were lower than the
top 100 genes. Nevertheless, their expression levels were higher in cluster 5 than in cluster 11 (Fig. 2A,B). Next,
we compared gene expression between pancreatic endoderm cells (cluster 12) and acinar progenitor cells (cluster
11) and found 88 and 88 significantly up- and downregulated genes in acinar progenitor cells, respectively
(Fig. 3B, left panel; Supplementary Table 3). Then, we compared gene expression between acinar progenitor cells
(cluster 11) and acinar cells (cluster 5; Fig. 3B, middle panel; Supplementary Table 3). Most genes that continued
to be upregulated from pancreatic endoderm cells to acinar cells via acinar progenitor cells were well-known
pancreatic digestive enzyme-related genes (Supplementary Table 3). Among the genes whose expression levels
were significantly higher in acinar progenitor cells (cluster 11) than in pancreatic endoderm cells (cluster 12;
Fig. 3B, left panel), only four genes, REG4, BGN, COL1A2, and HAPLN1, were significantly upregulated in acinar
progenitor cells than in acinar cells (cluster 5; Fig. 3B, middle and right panels). Since they were also among the
34 previously identified candidates (Fig. 3A, Supplementary Table 2), we continued to focus on these four genes.
The expression distribution in clusters 2, 3, 5, 11, and 12 showed that COLIA2 and BGN were broadly expressed
not only in acinar progenitor cells but also in pancreatic endoderm cells, duct cells, and endocrine lineage
clusters (Fig. 3C). We then examined the expression of REG4 and HAPLNI by reanalyzing previously reported
expression profiles of human adult pancreas?*->* (Fig. S8) to find that while HAPLN1 was broadly expressed in
multiple pancreatic cell types, REG4 expression was restricted to parts of acinar cells and gamma cells of islets in
human adult pancreas (Fig. S8E, G). Therefore, we focused on REG4 as a candidate acinar progenitor cell marker.
To clearly show the differential expression of REG4 and PRSSI1 among pancreatic endoderm, acinar progenitor
cells, and acinar cells, we compared DEGs (|log2FC|> 1, P value< 0.01, Supplementary Table 3), which showed
that REG4 expression was substantially higher in acinar progenitor cells than in pancreatic endoderm cells and
more than twice as high in acinar progenitor cells as in acinar cells (Fig. 3D). In contrast, the expression of PRSS1
was higher in acinar progenitor cells than in pancreatic endoderm cells but around twice as high in acinar cells
than in acinar progenitor cells (Fig. 3D). These data suggest that REG4 is a potential marker for pancreatic acinar
progenitor cells differentiated from hiPSCs.

Then, we constructed feature plots showing the expression of REG4 by reanalyzing the previously reported
human fetal pancreas dataset*® (Fig. S7A-C,E,F). The results showed that REG4 expression peaks at post-
conception week (PCW)11 and is found in acinar cell type, thus supporting our conclusion that REG4 is a
potential marker for pancreatic acinar progenitor cells during embryonic stages in hiPSC differentiation cultures.

In vitro treatment of hiPSC-derived pancreatic endoderm cells with forskolin facilitates the
differentiation into pancreatic acinar progenitor cells
To identify factors and signaling pathways facilitating the differentiation of pancreatic acinar progenitor cells, we
performed ingenuity pathway analysis (IPA) based on DEGs (|log2FC|> 1, P value< 0.01) obtained by comparing
pancreatic endoderm cells (cluster 12) and acinar progenitor cells (cluster 11; Supplementary Table 4). We
focused on the top eight candidate factors identified from this analysis: epidermal growth factor (EGF), insulin-
like growth factor 1 (IGF1), interleukin-1 beta (IL-1B), hepatocyte growth factor (HGF), 8-(4-chlorophenylthio)
adenosine 3',5'-cyclic monophosphate sodium salt (pCPT-cAMP), forskolin, fibroblast growth factor 2 (FGF2),
and lipopolysaccharide (LPS) (Fig. 4A, left panel). In addition, the retinoid X receptor (RXR) agonist bexarotene
was added as a candidate factor based on activated pathways indicated by IPA (Fig. 4A, right panel). hiPSC-
derived pancreatic endoderm cells on Stage 4 Day 6 (total day 17) were treated with the nine factors for 8 days
(Fig. 4B). Three different concentrations of each factor were used to examine the expression of REG4 and
PRSSI. We then narrowed down the factors that upregulated the expression of REG4 or PRSSI by more than
1.5 times compared to the untreated control, which included EGF, IL-1B, HGF, pCPT-cAMP, forskolin, FGF2,
and bexarotene (Fig. 4B, red arrows). Next, by adopting the concentration resulting in the highest induction
efficiency for each factor, hiPSC-derived pancreatic endoderm cells were treated with the seven candidate
factors (Fig. S9). In addition to REG4 and PRSSI, we examined the expression of other pancreatic acinar lineage
markers, PTFIA and CPAI. As a result, the expression of these four markers trended higher with forskolin
and pCPT-cAMP treatments than the control. Although we also tested combinatorial treatments with forskolin
and each of the remaining six candidate factors (i.e., EGE IL-1B, HGE, pCPT-cAMP, FGF2, and bexarotene),
no combinations induced higher expression of REG4 or PRSSI than treatment with forskolin alone (Fig. $10).
Because both forskolin and pCPT-cAMP are involved in the cyclic AMP pathway>>*® and a combination of
these two factors did not produce an additive effect compared to forskolin alone, we next examined the effects of
forskolin treatment on hiPSC-derived pancreatic endoderm cells.

We also generated a list of candidate differentiation-inducing factors by comparing DEGs (|log2FC|> 1, P
value <0.01) between pancreatic endoderm and endocrine cells and between pancreatic endoderm and duct
cells (Supplementary Table 4). While forskolin was ranked as the 28th factor from the comparison between
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Fig. 3. Identification of novel marker candidates for pancreatic acinar progenitor cells. (A) Dot plots of DEGs
(|log2EC|> 1, P value <0.01) among clusters of pancreatic endoderm cells (cluster 12), acinar progenitor cells
(cluster 11), acinar cells (cluster 5), endocrine cells (cluster 2), and duct cells (cluster 3). (B) Volcano plots of
DEGs (|log2FC|> 1, P value <0.01) comparing gene expression of pancreatic endoderm cells (cluster 12) versus
acinar progenitor cells (cluster 11; left panel) and acinar progenitor cells (cluster 11) versus acinar cells (cluster
5; middle panel) and the Venn diagram (right panel). (C) Distribution of cells expressing the four candidate
markers for acinar progenitor cells, REG4, BGN, COLIA2, and HAPLNI. (D) Expression pattern of REG4 and
PRSSI among the 3 clusters based on DEGs (|log2FC|> 1, P value <0.01).
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pancreatic endoderm and acinar progenitor cells, it ranked 75th and 55th in comparisons between pancreatic
endoderm and endocrine cells and between pancreatic endoderm and duct cells, respectively. Although these
results indicate that forskolin affects the differentiation of pancreatic endocrine and ductal cells as well as acinar
progenitor cells, we confirmed by qRT-PCR analysis that forskolin treatment on hiPSC-derived pancreatic
endoderm resulted in a decrease in the expression of a pancreatic endocrine marker, NKX6. I, with no substantial
changes in the expression of another endocrine marker, NGN3, and ductal markers, KRT19, SOX9, and HNF1B
(Fig. S9).

While in vitro forskolin treatment of hiPSC-derived pancreatic endoderm significantly upregulated REG4,
PRSS1, and PTFIA, it did not substantially alter the expression of SPINKI, CPAI, and CTRC (Fig. 4C). By
immunostaining, PRSS1 and CPA1 proteins were not detected in the cells after forskolin treatment. Then, to
characterize forskolin-treated cells, we examined the ability of hiPSC-derived pancreatic endoderm cells, with or
without forskolin treatment, to differentiate into acinar lineage cells by implanting them into immunodeficient
mice in vivo. We conducted immunostaining for PRSS1 and CPA1 and quantified the number of PRSS1* and
CPA1" cells in grafts (Fig. 4D). The proportion of PRSS1* cells was significantly higher in the grafts from
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«Fig. 4. Induction from hiPSC-derived pancreatic endoderm to pancreatic acinar progenitor cells. (A)
Candidate factors (left) and signaling pathways (right) involved in the differentiation of pancreatic acinar
progenitor cells, as identified using pathway analysis by IPA. (B) Comparison of effects of 9 candidate
differentiation-inducing factors on the expression of REG4 and PRSSI, as evaluated by qRT-PCR. The
treatment started on Stage 4 Day 6 (total day 17) and continued for 8 days, ending on total day 25. The
following three concentrations were examined for each factor: 10, 50, and 100 ng/mL EGF; 0.2, 1, and 2 ng/
mL IL-1B; 10, 50, and 100 ng/mL HGF; 10, 50, and 100 uM pCPT-cAMP (pC); 2, 10, and 20 nM orskolin (FS);
10, 50, and 100 ng/mL FGF2; 0.02, 0.1, and 0.2 nM bexarotene (B); 5, 25, and 50 ng/mL IGF1; and 1, 5, and
10 pug/mL lipopolysaccharide (LPS). PE, pancreatic endoderm. Red arrows indicate factors that upregulated
the expression of REG4 or PRSSI more than 1.5 times compared to the untreated control (Control). Data
from three independent experiments are presented as mean + SD (n=3). We normalized the expression values
against the house keeping gene GAPDH and then against the untreated control. (C) Effects of treatment with
20 nM forskolin on the expression of acinar lineage markers, REG4, PTF1A, CPAI, PRSS1, SPINK1, and
CTRC, as evaluated by qRT-PCR. The treatment started on Stage 4 Day 6 (total day 17) and continued for
8 days, ending on total day 25. Graft indicates one graft sample on day 30 after implantation, which differs
from grafts used for scRNA-seq. The graft sample on day 30 after implantation was isolated from the host
renal parenchyma and capsule, and cells were dispersed in a collagenase/dispase solution for 15 min at 37 °C,
dissociated into single cells by gentle pipetting, and used for RNA isolation without sorting for human cells.
Data from three independent experiments are presented as mean = SD (n=3). *p <0.05, **p <0.01 by two-
tailed Student’s t-test. We normalized the expression values against GAPDH and then against the untreated
control (Control). (D) Immunostaining of day 30 grafts from hiPSC-derived pancreatic endoderm cells with or
without forskolin treatment for PRSS1 (green) and nuclei (blue; left and upper right panels), and CPA1 (green)
and NKXe6.1 (red; middle right panels) and quantification of the percentage (%) of PRSS1* or CPA1"* cells
from all cells within the engraftment region (lower right panel). Data from three independent experiments are
presented as mean + SD (n=3). *p <0.05, **p <0.01 by two-tailed Student’s ¢-test. Scale bars: 300 pm in (D; left
panels) and 100 um in (D; right panels).

pancreatic endoderm cells with forskolin treatment (38.4+5.6%; n=3) than those without (6.2+1.4%; n=3;
p<0.01). The proportion of CPA1* cells was also significantly higher in the grafts from pancreatic endoderm
cells with forskolin treatment (8.7 +2.9%; n=3) than those without (1.5+0.4%; n=3; p<0.05), indicating that
forskolin treatment induces hiPSC-derived pancreatic endoderm cells to differentiate into acinar lineages.
These data indicate that while forskolin is a candidate inducer from hiPSC-derived pancreatic endoderm into
pancreatic acinar lineage cells, further modification and optimization are required to generate pancreatic acinar
cells from hiPSCs in vitro.

Discussion

Several studies have previously identified multiple cell populations by performing single-cell transcriptome
analysis of embryonic mouse pancreas and hiPSC-derived pancreatic progenitor and endocrine cells®’-%, thus
indicating that in vitro differentiation of hiPSCs is a highly reproducible system for modeling human pancreatic
development. The purpose of this study was to understand the mechanistic details of human pancreatic acinar
cell differentiation to develop optimal hiPSC differentiation protocols for this cell type so we can ultimately
achieve our goal of using hiPSC-based methods to model exocrine pancreatic disorders and design new therapies
for their treatment. For this purpose, we first established a system that facilitates the in vivo differentiation of
pancreatic endoderm cells induced from hiPSCs in vitro by implanting them into the renal subcapsular spaces
of immunodeficient NOD/SCID mice. Although around 90% of hiPSC-derived cells used for implantation were
PDX1%, around half of the engrafted cells were identified as non-pancreatic by scRNA-seq analysis (Figs. 1C,
S4, Supplementary Table 1). Pdx1 is expressed not only in pancreatic cells but also in other lineages, such as
duodenum, enteroendocrine cells, stomach, and bile duct, in mice®!. Indeed, our scRNA-seq analysis revealed
that in addition to pancreatic cells, grafts contained non-pancreatic lineage cells, such as intestinal cells (Fig. S4,
Supplementary Table 1). Starting with a simple structural change 30 days after implantation, branching
structures were formed, with tip-like cells expressing acinar markers, CPA1, PTF1A, and PRSS1, and trunk-like
cells expressing NKX6.1 and SOX9. Although previous studies reporting on pancreatic differentiation showed
the presence of both pancreatic acinar and endocrine lineage cell populations, few studies have managed to
capture the process from the end of the primary transition to the secondary transition!>!>-1762, Therefore, the
system established in the current study mimicking human pancreatic development in vivo enables the detailed
mechanistic analysis of acinar lineage differentiation.

Although a previous study reported the expression of several pancreatic digestive enzyme-related genes by
pancreatic acinar lineage cells during rat development®® and a recent study performed scRNA-seq on human
fetal pancreas*®, the expression patterns of pancreatic digestive enzyme-related genes in human embryos have
not been examined in detail. In this study, we visualized for the first time the expression changes of pancreatic
acinar genes during differentiation from hiPSC-derived pancreatic endoderm cells to acinar cells by pseudotime
analysis, further validated by the human fetal pancreas dataset (Fig. S7C,D). Although the rat data were limited
to the comparison of four time points (13 days post-coitus (dpc), 20 dpc, newborn, and adult), CPA1 was more
highly expressed than CPA2 at 20 dpc®3, which is inconsistent with our data (Fig. 2D). In contrast, consistent with
our data, trypsin 1, corresponding to PRSS1, was expressed later than CPA1%3 (Fig. 2D). Thus, our hiPSC-based
pancreatic differentiation culture system reproduces aspects of human embryonic acinar lineage development
and helps order the developmental stages of pancreatic acinar lineage cells. However, future studies should
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examine temporal expression profiles during the differentiation process to pancreatic acinar cells in greater
detail.

The induction of pancreatic acinar lineage cells from ESCs/iPSCs has not been fully established!!-%’. For
the differentiation from ESCs/iPSCs to pancreatic acinar cells, including an intermediate acinar progenitor cell
stage to induction methods may facilitate an increase in induction efficiency. Therefore, we aimed to identify
novel markers for acinar progenitor cells and compared gene expression among pancreatic endoderm, acinar
progenitor, and acinar cell populations. We selected four significantly upregulated genes for further analysis.
We then focused on REG4, which was previously evaluated as a pancreatic cancer biomarker in humans and
a regulator of pancreatic regeneration after pancreatitis in mice®>. REG1-4 are members of the regenerating
gene (REG) family and lectin-like proteins involved in cell proliferation and differentiation of the liver, stomach,
intestines, and pancreas in humans®. Although a previous report examined the expression of REG genes in
human fetal pancreas from gestational week (GW) 12 to 24 using in situ hybridization and found that mRNA
levels of REG genes markedly increased from around GW 16 only in acinar cells but not in islets®’, their expression
before GW12 and the cell types upregulating REG genes were not shown in the study. A more recent study
reported REG4 as a lineage-specific target of acinar cell-specific transcription factors by a combined analysis
of scRNA-seq and single-cell assay for transposase accessible chromatin sequencing (ATAC-seq) of PCW 4-11
human embryonic pancreas samples*®. Moreover, other studies reported that REG4 is expressed in pancreatic
acinar cells but not in duct or islet cells of the adult human pancreas68'69. In the current study, we showed that
REGH4 is a potential marker for acinar progenitor cells differentiated from hiPSCs by analyzing hiPSC-derived
pancreatic cells rather than the human fetal pancreas. We also revealed that REG4 expression peaks at PCW11
and is found in acinar cell type by reanalyzing a reported human fetal pancreas dataset*s (Fig. S7C,E,F). In
addition, the reanalysis also showed that REG4 is expressed in some acinar cells and gamma cells of islets in the
human adult pancreas (Fig. S8C,EG). Altogether, our data indicate that REG4 is a marker for pancreatic acinar
progenitor cells during embryonic stages that may be used to induce the differentiation of pancreatic acinar
lineage cells from human ESCs/iPSCs.

Although previous studies used multiple factors, such as activin A, FGF7, all-trans retinoic acid, FGF2,
nicotinamide, forskolin, and dexamethasone, and more recent studies used FGF1, A83-01 (a TGFp inhibitor),
WNT]I, Y-27632 (an ROCK inhibitor), SKL2001 (a p-catenin agonist), dexamethasone, FGF2, EGF, CHIR99021
(a WNT activator), FGF10, HPI-1 (a hedgehog inhibitor), XMU-MP-1 (a MST1/2 inhibitor), LDN193189 (a
BMP inhibitor), CD3254 (an RXR selective agonist), and DBZ (a y-secretase inhibitor) to generate pancreatic
acinar cells from mouse or human ESCs/iPSCs!!*%, inducing factors for acinar lineage cells have not been
fully discerned. Therefore, we conducted IPA of DEGs obtained by comparing pancreatic endoderm and
acinar progenitor cell populations and revealed candidate factors potentially involved in acinar progenitor cell
differentiation. When hiPSC-derived pancreatic endoderm cells were treated with forskolin, REG4, PTFIA,
and PRSSI expression was significantly upregulated. These results are consistent with the previous report that
treating pancreatic progenitor cells with three factors, including forskolin, can induce the differentiation into
pancreatic acinar cells'® and further support forskolin as an inducing factor for pancreatic acinar lineage cells in
hiPSC differentiation cultures. Forskolin is an inducer of intracellular cAMP production and activates pregnane
X receptors (PXR) and farnesoid X receptors (FXR)°. Consistently, the PXR/RXR pathway was identified by [PA
in this study (Fig. 4A, right panel). However, treating pancreatic endoderm cells induced from hiPSCs by our
protocol with forskolin alone could not induce some acinar lineage markers, such as SPINK1 and CTRC (Fig. 4C),
indicating that additional factors are required. When comparing the factors discovered in our analysis with
previously reported factors, EGF and FGF2 are common and thus expected to be crucial. Although combined
treatments with forskolin and either EGF or FGF2 only induced low expression of REG4 and PRSSI in our
study (Fig. S10), future examinations should test various combinations of these three factors, including different
concentrations and treatment periods and timings to optimize the differentiation method for acinar lineage cells.

Lastly, we note several limitations of our work. First, we used the combination of PDX1 and NKX6.1 as a
maker for multipotent pancreatic endoderm cells for this study. However, during our investigation, it was shown
that Glycoprotein 2 (GP2) can act as a specific cell surface marker for human pancreatic endoderm cells and
that GP2-enriched PDX1*NKX6.1* pancreatic endoderm cells have multipotency?®”!, thus suggesting further
improvements to our in vivo differentiation protocol described here. Second, because we did not conduct lineage
tracing experiments for REG4, we could not fully establish the gene as a marker for pancreatic acinar progenitor
cells. Third, the exact function of REG4 in pancreatic development remains unclear, although this study showed
that it is upregulated in acinar progenitor cells differentiated from hiPSCs. Fourth, for the identification of
signaling cues, a strong focus was set in the current study on autocrine signaling to identify upregulated factors
in pancreatic endoderm, acinar progenitors, and acinar cells. Paracrine signaling from neighboring cells, such as
trunk cells, later endocrine precursor cells, and duct cells, or non-parenchymal cells, including stromal cells, is
likely also involved in guiding acinar specification. Future studies with ligand-receptor analysis might also help
elucidate specification mechanisms. Fifth, since forskolin treatment alone did not result in sufficient induction
of pancreatic acinar cells from hiPSCs in vitro, further studies should optimize the differentiation method for
acinar lineage cells by testing various culture conditions, including the combinations of forskolin with other
factors used in previous reports'!~?. Forskolin acts by upregulating the second messenger cAMP, which has
broad, context-dependent effects on cells®. Further investigation should be performed to investigate the effects
of forskolin on the cell cycle, cell activation, and other cellular processes during acinar differentiation. Finally,
while a total of only 440 cells was used for the main analysis of clusters 5, 11, and 12 in our scRNA-seq analysis,
an analysis using a larger number of cells should improve the accuracy.

In conclusion, by constructing a differentiation system for pancreatic acinar lineages from hiPSCs, we
identified REG4 as a candidate marker for acinar progenitor cells and forskolin to facilitate differentiation into
acinar lineage cells in hiPSC differentiation cultures. These findings contribute to the detailed mechanistic
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elucidation of pancreatic acinar cell development and the establishment of induction methods to generate
pancreatic acinar cells from hiPSCs.

Materials and methods

Ethics statement

All experiments using hiPSCs were approved by the Ethics Committee of the Department of Medicine and
Graduate School of Medicine, Kyoto University, and performed in accordance with institutional guidelines. All
donors from whom hiPSCs were generated provided informed consent. All animal experiments were approved
by the CiRA Animal Experiment Committee and performed in accordance with institutional guidelines,
including the ARRIVE guidelines (https://arriveguidelines.org).

hiPSC maintenance

The hiPSC line 585A1% was cultured in feeder-free conditions using Essential 8 medium (Thermo Fisher
Scientific) supplemented with Essential 8 medium supplement. hiPSCs at 80% confluency were dissociated into
a single-cell suspension by incubation with 0.5 mM EDTA/PBS (Thermo Fisher Scientific) for 8-13 min at 37 °C
and gentle pipetting and passaged every 3-4 days. Cells were routinely checked for mycoplasma contamination
using Mycoprobe Detection Kit (R&D Systems).

In vitro hiPSC differentiation

hiPSCs were sequentially differentiated into four stages of pancreatic development: definitive endoderm (Stage
1), primitive gut tube (Stage 2), posterior foregut (Stage 3), and pancreatic endoderm (Stage 4), as described
previously?®. At Stage 1, 80% confluent hiPSCs were dissociated into single cells by incubation with 0.5 mM
EDTA/PBS for 8-13 min at 37 °C and gentle pipetting and resuspended in RPMI 1640 medium (Nacalai Tesque)
supplemented with 2% (vol/vol) growth factor-reduced B27 (GFR-B27; Thermo Fisher Scientific), 50 U/mL
penicillin/streptomycin (P/S; Thermo Fisher Scientific), 100 ng/mL activin A (R&D Systems), 3 uM CHIR99021
(Axon Medchem), and 10 uM Y-27632 (Wako). Then, cells were seeded into 6-well plates coated with GFR
Matrigel (Becton Dickinson) according to the manufacturer’s recommendations at a density of 1 x 105 cells/well
and cultured for one day. For the next two days, cells were cultured in RPMI 1640 medium supplemented with
2% GFR-B27, 50 U/mL P/S, 100 ng/mL activin A, and 1 pM CHIR99021. For the next day, cells were cultured
in RPMI 1640 medium supplemented with 2% GFR-B27, 50 U/mL P/S, and 100 ng/mL activin A. At Stage 2,
cells were cultured in Improved MEM Zinc Option (iIMEM) medium (Thermo Fisher Scientific) supplemented
with 1% GFR-B27, 100 U/mL P/S, and 50 ng/mL keratinocyte growth factor (KGF; R&D Systems) for four
days. At Stage 3, cells were cultured in iMEM medium supplemented with 1% GFR-B27, 100 U/mL P/S, 50 ng/
mL KGE, 100 ng/mL NOGGIN (Peprotech), 0.5 uM 3-Keto-N-aminoethyl-N’-aminocaproyldihydrocinnamoyl
cyclopamine (KAAD-CYC; Toronto Research Chemicals) and 0.5 nM 4-[(E)-2-(5,6,7,8-Tetrahydro-5,5,8,8-
tetramethyl-2-naphthalenyl)-1-propenyl]benzoic acid (TTNPB; Santa Cruz Biotechnology) for three days.
At Stage 4, cells were dissociated into single cells by incubation with 0.25% trypsin-EDTA (Invitrogen) for
15 min at 37 °C and gentle pipetting and resuspended in iMEM medium supplemented with 1% GFR-B27,
100 U/mL P/S, 100 ng/mL KGF, 100 ng/mL NOGGIN, 50 ng/mL EGF (R&D Systems), and 10 uM Y-27632. For
aggregation cultures, cells were seeded into low-binding 96-well plates (Greiner Bio) at a density of 2 x 10* cells/
well and cultured for an additional six days.

For the differentiation into acinar lineage cells, cellular aggregates of hiPSC-derived pancreatic endoderm
on Stage 4 Day 6 formed in low-binding 96-well plates were cultured in iMEM medium supplemented with 1%
GFR-B27, 100 U/mL P/S, and candidate factors for eight days with a medium change every 4 days. A total of
24 and 48 cellular aggregates formed in the 96-well plates were used to test each factor in the experiments of
Figs. 4B, S9, and S10 and those of Fig. 4C, respectively. Negative controls were samples without any candidate
factors. The following factors and concentrations were examined: 10, 50, and 100 ng/mL EGF; 0.2, 1, and 2 ng/
mL IL-1B (Wako); 10, 50, and 100 ng/mL HGF (Peprotech); 10, 50, and 100 uM pCPT-cAMP (Abcam); 2, 10, and
20 nM forskolin (Wako); 10, 50, and 100 ng/mL FGF2 (R&D Systems); 0.02, 0.1, and 0.2 nM bexarotene (Tocris
Bioscience); 5, 25, and 50 ng/mL IGF1 (Peprotech); and 1, 5, and 10 ug/mL LPS (Santa Cruz Biotechnology). For
experiments in Figs. S9 and S10, 20 nM forskolin; 100 uM pCPT-cAMP; 0.02 nM bexarotene; 100 ng/mL EGF;
10 ng/mL FGF2; 100 ng/mL HGF; and 2 ng/mL IL-1B were used.

Flow cytometry
We dissociated Stage 4 Day 6 hiPSC-derived pancreatic endoderm cell aggregates into single cells by incubation
with 0.25% trypsin-EDTA for 10 min at 37 °C and gentle pipetting, fixed cells with BD Cytofix/Cytoperm Kit
(Becton Dickinson) and blocked cells with 2% donkey serum (Merck Millipore) in permeabilization solution for
15 min at room temperature (RT). Then, cells were incubated with primary antibodies diluted with 2% donkey
serum in permeabilization solution overnight at 4°C. After washing with permeabilization solution, cells were
incubated with secondary antibodies diluted with 2% donkey serum in permeabilization solution for 1 h at RT.
hiPSC-derived pancreatic endoderm cell aggregates (day 0 sample) were dissociated into single cells by
incubation with 0.25% trypsin-EDTA for 10 min at 37 °C and gentle pipetting to prepare for scRNA-seq.
Graft samples on days 11 and 25 after implantation were isolated from the host renal parenchyma and capsule
and chopped using a razor. Then, cells were dispersed in a collagenase/dispase solution consisting of 3.5 mg
collagenase type IT (GIBCO) and 2 mg dispase II (Wako) dissolved in 1 mL collagenase buffer for 15 min at 37 °C
and dissociated into single cells by gentle pipetting. Staining with TotalSeq™-A0951 PE-Streptavidin (BioLegend),
TotalSeq™-A0952 PE-Streptavidin (BioLegend), and TotalSeq™-A0953 PE-Streptavidin (BioLegend) was used
to identify cells on days 0, 11, and 25, respectively. TotalSeq™-A0951 PE-Streptavidin, TotalSeq™-A0952 PE-
Streptavidin, and TotalSeq™-A0953 PE-Streptavidin were diluted to 0.2 pg/mL (approximately 500-fold dilution)
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in cold Cell Staining Buffer (BioLegend), centrifuged at 14000xg for 10 min at 4 °C, and stored on ice in the
dark. Single-cell suspensions were collected by centrifugation at 300xg for 5 min at 4 °C, with supernatants
removed and cells resuspended in 200 pL of PBS. Cells were immediately resuspended by pipetting and left
on ice for 10 min after adding 1 pL of EZ-Link™ Sulfo-NHS-LC-Biotin (Thermo Fisher Scientific) dissolved
in DMSO (100 mg/mL). After incubation, 900 pL of 3% FBS/PBS was added. Cells were resuspended in 1 mL
of 3% FBS/PBS after collection by centrifugation and mixed by pipetting after adding 1 mL of Cell Staining
Buffer. Cells were collected by centrifugation and mixed by pipetting with 50 pL of the supernatant from the
TotalSeq-PE-Streptavidin reaction solution prepared earlier, then incubated on ice for 20 min in the dark. Cells
were washed thrice with 1 mL of Cell Staining Buffer after biotin-streptavidin binding. FITC-conjugated mouse-
specific CD45, H-2, and TER-119 antibodies that stain mouse white blood cells, a wide range of mouse MHC
class I* cells, and mouse red blood cells, respectively*?> and APC-conjugated human-specific CD147 and CD298
antibodies that both stain a wide range of human cells including white blood cells**** were added to 2% FBS/
PBS to make 500 pL of antibody solution (1:40). Cells were resuspended in the antibody solution at 1x 10° cells
per 50 pL and incubated for 20 min at 4 °C. After adding 1 mL of 2% FBS/PBS to the cell suspension, cells were
collected by centrifugation at 500xg for 3 min at 4 °C and resuspended in 500 uL of 2% FBS/PBS with 0.5 pL
of 4',6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific, 1:1,000). Lastly, 2% FBS/PBS was added to
make the final cell suspension at 1 x 10* cells per 1 mL.

To sort cells for scRNA-seq by flow cytometry (Fig. S2), human cells positive for either human CD147 or
CD298 but not mouse CD45, H-2, or TER-119 were first sorted from a mixture of human and mouse cells based
on fluorescence intensity using a combination of FITC and APC. Blood cells were also sorted and removed using
mouse-specific CD45, H-2, and TER-119 antibodies. For isolation, gating was set such that mouse cells had a
positive fraction of less than 1% based on a negative control experiment using only NOD/SCID mouse kidney
cells. Second, DAPI live cells were sorted from human cells, with damaged cells and doublets removed using a
combination of FSC and SSC gating. Third, only Streptavidin-Biotin-tagged cells positive for TotalSeq™-A0951,
A0952, or A0953 were isolated based on PE fluorescence intensity. For isolation, gating was set such that non-
fluorescent cells had a positive fraction of less than 10% based on a negative control experiment using unstained
hiPSC-derived pancreatic endoderm cells.

Flow cytometry was performed using a FACSAriall or LSRFortessa (BD Biosciences). Antibodies used in this
study are listed in Supplementary Table 5.

Animal experiments

We used 6- to 14-week-old male NOD.CB17-Prkdc*d/] (NOD/SCID) mice (Charles River Laboratories Japan)
for implantation experiments. Mice were anesthetized with inhalable isoflurane and maintained at 37 °C in the
right lateral position, with the left kidney pulled out of the abdominal cavity through a flank incision. After
a small incision in the left renal capsule, a part of the renal capsule at the implant site was peeled off gently
with a thin glass rod made in-house. We implanted hiPSC-derived Stage 4 Day 6 pancreatic endoderm cell
aggregates under the left renal capsules using a slim micropipette. A total of 192 aggregates containing a total
of 3.84x10° cells were implanted per mouse. We harvested 192 aggregates directly from the culture dishes,
removed the culture medium by suction, and implanted the aggregates into the renal subcapsular spaces without
any buffer, solution, or Matrigel. Grafts were harvested at 7-30 days after implantation. For collecting tissues
after animal sacrifice, euthanasia was performed by cervical dislocation after the mice had lost consciousness
rapidly due to an overdose inhalation of isoflurane in a small cage filled with the volatile anesthetic.

Immunostaining

Differentiated cells and grafts were fixed with 4% paraformaldehyde (PFA) (Nacalai Tesque)/PBS for 20 min
and from 3 h to overnight at 4 °C, respectively. Then, grafts were sequentially dehydrated with 10% sucrose/
PBS solution for over 1 h, 20% sucrose/PBS solution for over 2 h, and 30% sucrose/PBS solution from over
3 h to overnight at RT, frozen at —80 °C, and sectioned at a thickness of 10 um by Cryostat (CM1520; Leica).
Fixed cells and frozen sections of grafts were blocked with 5% donkey serum (Millipore)/0.4% Triton X-100
(Nacalai Tesque)/PBS (PBT) for 30 min at RT and incubated with primary antibodies from 1 h to overnight at
RT. Then, samples were washed with PBT once and incubated with secondary antibodies for 1-2 h at RT. Finally,
samples were washed with PBT three times and observed using a fluorescence microscope (BZ-9000; Keyence).
Immunostaining images of graft sections were quantified using ImageJ macros (National Institutes of Health).
Antibodies used in this study are listed in Supplementary Table 5.

Single-cell RNA sequencing (scRNA-seq)

Mice were sacrificed to obtain the left kidneys with grafts on days 11 and 25 after implantation. We manually
isolated grafts from the renal subcapsular space and used eight and five grafts on days 11 and 25, respectively, for
the analysis. The procedures of cell preparation and human cell isolation by flow cytometry are described above.
scRNA-seq was performed by ImmunoGeneTegs, Inc. (Chiba, Japan) using protocols described previously’2.
Cells with RNA count per cell (nCount_RNA = 20,000, the number of genes per cell (nFeature_RNA) <2000
or 215,000, mitochondrial gene ratio (percent.mt) 210%, and Human_Mouse_nCount_ratio.log2 <0.6 were
removed as quality control (QC) for scRNA-seq (Fig.S3). After QC, 6,455 cells were normalized and analyzed by
Seurat package version 4.7 in R version 4. We set the optimal dimension and resolution by referring to the elbow
plot. We performed principal component analysis (PCA) and determined the k-nearest neighbor graph using the
first 63 PCs. We found clusters of cells using the FindClusters function (resolution=0.8) in Seurat. Differentially
expressed genes (DEGs) for each cluster were identified using the FindAllMarkers function with thresholds of
[log2FC|=0.25 and a minimum percentage of cells expressing the gene >25% and applying the Wilcoxon test.
Genes with an adjusted p-value <0.01 were selected. The top 10 genes for each cluster, ranked by expression, were
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extracted, and a heatmap was generated using the pheatmap () function. We used the FeaturePlot function in
Seurat to visualize the expression of known marker genes for each cell on tSNE plots. To compare the expression
of known markers in each dataset or cluster, we used the VInPlot function in Seurat. Each cluster was annotated
based on CellMarker2024 data using Enrichr.

RNA velocity and pseudo-temporal ordering analysis were performed by scvelo 0.2.4 and scanpy 1.9.1
packages in Python 3.9. The dot plot was created using scanpy 1.9.1 packages in Python 3.9. IPA analysis
(Qiagen) was conducted based on 176 DEGs (|log2FC|> 1, P value<0.01) obtained by comparing pancreatic
endoderm (cluster 12) and acinar progenitor cells (cluster 11).

For scRNA-seq of a previously published human adult pancreatic dataset (Fig. S8), we obtained a curated,
quality controlled and cell type-annotated scRNA-seq dataset (panc8) using an R package SeuratData,
originally derived from five datasets (GSE81076, GSE85241, GSE86469, E-MTAB-5061, and GSE84133)>0-54,
Murine samples (GSM2230761 and GSM2230762) in GSE84133 were not included. Among human samples,
13 samples were from deceased organ donors with and without type 2 diabetes (T2D), 11 samples were from
deceased organ donors without T2D, and 7 samples were from deceased organ donors with T2D (Fig. S8A).
For batch correction, to deal with the heterogeneity of diabetic conditions and the composition of cell types
across datasets, we utilized the reciprocal PCA (RPCA) method, which allows the non-overlapping of cell types
across datasets’®. We added QC metrics in Fig. S8B. Although the number of genes per cell varies depending on
each single-cell technology platform (Fig. S8A), we could integrate the data and visualize with UMAP each cell
type cluster according to the original annotation using Seurat’s SCTransform and RPCA method (dims=1:30,
k.anchor=20) (Fig. S8C-E), suggesting successful batch correction among five datasets with heterogeneous
single-cell technology platforms and diabetic conditions. To visualize the expression of known marker genes
for each cell on UMAP plots or to compare the expression of known markers across clusters, we used batch-
uncorrected, normalized (SCTransform) gene expression data.

For scRNA-seq analysis of previously published human fetal pancreatic datasets*®, we obtained a processed
and cell type-annotated scRNA-seq dataset including 17,135 pancreatic cells from PCW4 to 11. We normalized
the data with Seurat’s SCTransform function to regress out cell cycle scores (calculated by the CellCycleScoring
function) together with sequencing depth and batch as described previously*®. We performed PCA and
constructed the k-nearest neighbor graph using the first 50 PCs. We found clusters of cells using the FindClusters
function (resolution=1.0) in Seurat. UMAP was depicted based on the dimensionalities of the previously
reported analysis*®. Monocle3”4 was used to calculate pseudotime. Multipotent pancreas progenitor, early tip,
tip, and acinar cell types were selected to depict pseudotemporal patterns of exocrine-related gene expression
using geom_smooth function of ggplot2 (generalized additive model).

Real-time quantitative RT-PCR (qRT-PCR)

Total RNA was extracted using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions,
and the concentration of total RNA was measured using Nanodrop 8000 (Thermo Fisher Scientific). cDNA
was obtained by reverse transcription using ReverTra Ace qQPCR Master Mix (Toyobo), dNTP Mix (Qiagen),
and oligo dT primer (Fasmac). Quantitative PCR was performed using SYBR Premix Ex Taq II (Takara) and a
StepOnePlus Real-Time PCR System (Applied Biosystems). Denaturation was performed at 95 °C for 10 s and
annealing by 40 cycles at 95 °C for 5 s and at 60 °C for 30 s and dissociation at 95 °C for 15 s, 60 °C for 1 min
and 95 °C for 15 s. Expression of target genes was normalized to housekeeping genes ACTB or GAPDH. Primer
sequences used in this study are listed in Supplementary Table 6.

Statistics

All quantitative data are presented as mean + SD. Data were analyzed for statistical significance using Microsoft
Excel for Windows version 2312. The two-tailed Student’s t-test was used to compare the means of two
comparison groups. p <0.05 was considered statistically significant for all analyses. * and ** indicate p <0.05 and
P <0.01 in the figures, respectively.

Data availability

The analysis datasets used in this study are available from the corresponding author (K.O.) upon reasonable
request. The NCBI GEO accession number for single-cell RNA sequencing data reported in this paper is GSE
264026.
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