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Abstract

Functional differentiation of pancreatic like tissue from human induced pluripotent stem cells
is one of the emerging strategies to achieve in vitro pancreas model. Here, we propose a
protocol to cultivate hiPSCs-derived [-like-cells coupling spheroids and microfluidic
technologies to improve the pancreatic lineage maturation. The protocol led to the
development of spheroids producing C-peptide and containing cells positive to insulin and
glucagon. In order to further characterize the cellular and molecular profiles, we performed full
transcriptomics and metabolomics analysis. The omics analysis confirmed the activation of key
transcription factors together with the upregulation of genes and the presence of metabolites
involved in functional pancreatic tissue development, extra cellular matrix remodeling, lipids
and fatty acids metabolism, and endocrine hormones signaling. When compared to static 3D
honeycombs cultures, dynamic 3D biochip cultures contributed to increase specifically the
activity of HIF transcription factor, to activate the Calcium Activated Cation Channels, to enrich
the glucagon and insulin pathways, glycolysis/gluconeogenesis, and to increase the secretion

of serotonin, glycerol and glycerol-3-phosphate at the metabolic levels.



1. Introduction

Diabetes mellitus is one of the major diseases with an increasing prevalence about to reach
the epidemic levels. This disorder of the endocrine system of the pancreas affected more than
537 million people worldwide in 2021." Type 1 diabetes mellitus (T1DM) is caused by an
autoimmune response leading to the destruction of B-cells producing the insulin.?2 Up to date,
T1DM cannot be prevented, and the exact causes of the onset of the disease are still unclear.
Type 2 diabetes mellitus (T2DM) generally consists of an insulin resistance and impaired
insulin secretion leading to a high level of blood glucose.® T2DM can be partially prevented by
the modification of the lifestyle with physical activity and healthy food intakes. Besides,
diabetes also contributes to increase the risk factors of systemic disorders such as
cardiovascular disease and kidney failure.*

Cell therapy of T1DM relies on the grafting of pancreas islets of Langerhans harvested
from donors. The islets are prepared in the laboratory and then injected in patient’s liver where
they are stored to regulate the glycemia and the insulin production.?® However, the limitations
of this therapy are multiple. Essentially, there is an observed lack and scarcity of donors (about
2 to 3 pancreases are required for one patient). In addition, long term studies have reported
transplant degradation and graft loss over time.> Moreover, those grafts are coupled with
complex and constraining medical treatments due to the patients’ immune response to external
tissues.® To solve those issues, researchers are now developing new solutions to produce
islets suitable for implantation in combination with improved strategies to protect the
transplants.

Especially, new cell sources and organoids-like-islets production technologies are being
developed as stem cell therapy for TIDM.” Indeed, pancreatic organoids derived from human
induced pluripotent stem cells (hiPSCs) or embryonic stem cells represents one of the
strategies proposed in the last decade to provide alternative cell sources to human primary
cells.#'® However, the development of human equivalent tissue with similar level of

functionalities is yet to be achieved in order to propose efficient therapeutic solutions.”-'%4



In parallel, several groups also developed engineering solutions to improve the quality of
the islets prior to their implantation. It mostly relies on the upstream screening of the islets to
evaluate their functionality and performance, and thus enhance the selection process before
the injection.'>'” Additionally, alternative preparation methods also include islets encapsulation
to protect the graft from patient’s immune system.'® In recent years, the use of microfluidic
technologies in diabetes research has increased remarkably. Due to its many advantages,
such as versatility, precise control of volume, size and flow, enhanced efficiency, automation,
real-time readout, as well as the creation of well-defined microenvironments, microfluidic
technology represents a valuable tool for a wide range of applications related to pancreatic
islets and B-cells. This technology can be used for islets and B-cells encapsulation before
transplantation,’®?° pseudo-islets formations from isolated B-cells,?' islets evaluation and
preservation,?? study of islets physiology and drug screening 2>2* and hiPSCs differentiation
into pancreatic B-cells.?

Following those technology developments, we have established a culture protocol
inside the microfluidic biochips using rat islets of Langerhans. We showed that the microfluidic
culture environment contributed to maintain the functionality of the islets in term of insulin and
glucagon secretion, when compared to static cultures.?® Furthermore, this microfluidic culture
protocol was extended to culture of B-cells spheroids derived from hiPSCs.?” We demonstrated
that hiPSC-derived spheroids were able to produce insulin and C-peptide. Although the
spheroids prepared with our protocol are made of hiPSCs differentiated to pancreatic B-like
cells, we noticed that the differentiation process also generated glucagon positive cells. To
increase the knowledge on those spheroids, we propose here to extend their characterization

by analyzing their transcriptomics and metabolomics profiles.

2. Material and methods

2.1. B-cell spheroids formation using honeycomb technology
The hiPSCs derived B-cells were purchased from Takara Bio (Japan). The cells were

previously differentiated from ChiPSC12 line by Takara Bio and provided cryopreserved in



stage 1 of maturation (Fig.1A). In this second stage of maturation (total of 16 days), we used
the media kit supplied with the cells (cat. N° Y10108, Takara Bio, Japan), according to the
manufacturer’s instructions (Fig.1A).

The spheroids were formed using a polydimethylsiloxane (PDMS) honeycomb sheet
inserted into a bottomless 24-well plate (Fig.S1, supplementary file 1 and fabrication process
in supplementary file 2). The 3D honeycomb technology was developed by Shinohara et al.,
and has also been described in detail in previous works.?”?2® Before cell seeding, the
honeycomb plates were sterilized with ethanol (1 hour) and coated with pluronic acid
(Pluronic® F-127 Sigma, 10 mg/mL) dissolved in phosphate-buffered saline (PBS, Gibco)
overnight to prevent cell attachment. Then, the plates were rinsed three times with PBS and
once with maintenance culture medium (B-cell basal medium Y10104, supplemented with -
cell supplement Y10102). After thawing, 6x10° B-cells in 500 pL of maintenance culture
medium were seeded into each well of the honeycomb plate and the plate was incubated at
37°C in an atmosphere supplied with 5% CO- for 4 days. After 24h, the total volume of medium
was adjusted to 1 mL. We then removed 600 puL at each culture medium change (every day),
replacing it with 600 pL of fresh medium (thus resulting in there always being 400 uL of medium

remaining in the honeycombs in order to prevent accidental spheroids suction).

2.2. 3D spheroids cultures

2.2.1. 3D static culture in honeycomb plates

After spheroid formation resulting from 4 days of culture in the honeycombs, the B-cell
spheroids were collected and seeded in a new honeycomb plate at a density of approximately
200150 spheroids/well (Fig.1A). The volume of culture medium was adjusted to 1 mL and
exchanged every day as described in section 2.1. The maintenance culture medium was used
for 8 additional days (day 12 of culture). The assay medium (B-cell medium-2 Y10105,
supplemented with B-cell supplement Y10102) was then used from day 12 to day 15 (end of

experiments at day 16 of stage 2, Fig.1A).



2.2.2. 3D dynamic culture in biochips manufactures

The biochip fabrication and design details are provided in Essaouiba et al., 2021.2” The biochip
consists of two PDMS layer manufactured using soft lithography and sealed by plasma
treatment. For spheroids trapping, the biochip bottom layer contains a crescent-shaped
structures of 600 um in diameter and 300 um in height (Fig.S2A, supplementary file 1). For
perfusion, the biochips were connected to a perfusion’s circuit composed of silicone/Teflon
tubing (0.65 mm in diameter), bubble trap (culture medium reservoir) and peristaltic pump
(Fig.S2B, supplementary file 1). Before the cell experiments, the biochips, tubing and bubble
trap were sterilized by autoclaving and dried in an oven.

For the 3D biochip cultures, the B-cell spheroids formed using the honeycomb plates were
collected and seeded into the biochips at a density of approximately 200150 spheroids/biochip.
After seeding, the biochips were incubated at 37°C in a 5% CO: supplied incubator for 1h to
allow the crescent-shaped structures to trap the spheroids. The biochips were then connected
to the perfusion circuit, the entire setup incubated at 37°C in a 5% CO- supplied incubator and
the perfusion launched at 20 pL/min. The culture medium was changed every two days (2 mL).
The maintenance culture medium was used until day 12 of culture and then replaced by assay

medium for 4 days (until end of the experiments, Fig.1A).

2.3. RT-qPCR assays

RT-gPCR assays were performed as described previously in Essaouiba et al., 2020.2° The
detailed protocol and primer sequences are given in supplementary file 2. ACTB (B-Actin) was
used as the reference gene and hiPSCs in stage 1 of maturation (iPSC-ST1, as shown in Fig.

1A) were used as the reference sample for the normalization of gene expression data.

2.4. Inmunostaining

Immunostaining was performed on spheroids fixed in paraformaldehyde 4% and
permeabilized with 1% Triton X100 in PBS. Primary antibodies (Table S2, supplementary file
2) diluted in the range recommended by the manufacturer were incubated with corresponding

samples overnight at 4°C. After washing, the samples were further incubated with the



secondary antibodies overnight (diluted in the range recommended by the manufacturer, Table
S2 in supplementary file 2). The nuclei and actin cytoskeleton were stained with DAPI (342-
07431, Dojindo) and phalloidin (Phalloidin-iFluor 488 Reagent, ab176753, Abcam),

respectively. The detailed protocol is provided in supplementary file 2

2.5. CAGE transcriptome profiling
The nanoCAGE sequencing libraries generated for this study were prepared as previously
described by Poulain et al., 2017.%° Detailed protocols for total RNA extraction, library
preparation, sequencing, and data processing are given in supplementary file 2.

Gene expression tables were created using the CAGEr package®' and were next uploaded

on the iDEP server version 9.1 (http:/bicinformatics.sdstate.edu/idep91/) for differential gene

expression analysis (limma-voom) and pathway gene set enrichment analysis.®® The ISMARA

web server (https:/ismara.unibas.ch/mara/) was used for Motif Activity Response Analysis

(MARA) .23 The Full details of the post processing are given in supplementary file 2.

2.6. Metabolomic analysis

Gas chromatography (Agilent 7890B) coupled to quadrupole mass spectrometry (Agilent
5977A, GC-MS) was used to perform the metabolomic analysis on the culture medium
collected from the different culture conditions. Rxi-5SiIMS columns (30 m with a 10 m Integra-
Guard column, 13623-127, Restek) were used. Preparation of samples and extraction of
metabolites were performed according to the protocol previously described.®* The AMDIS

software (http://chemdata.nist.gov/mass-spc/amdis/) was used for data analysis. To consider

the difference occurring during the protocols, the data were normalized by the spheroids
counted in each biochip and honeycomb, and by the level of metabolite in the basal culture
medium. The detailed protocols are given in supplementary file 2.

The MetaboAnalyst 5.0 was used to perform the metabolomic multivariate data analysis.®
Significant variations between the groups were highlighted by supervised partial least squares-
discriminant analysis (PLS-DA). The quality of models was evaluated by the R2Y (fitting

degree) and Q? (prediction parameter) values. Differentially expressed metabolites were



identified according to their variable importance for the projection (VIP > 1) and P value
(Student’s t-test, P < 0.05). MetaboAnalyst 5.0 was also used to perform the metabolic pathway

analysis using the differentially expressed metabolites.

2.7. Statistical analysis

The experiments were repeated at least three times in triplicate (n = three independant
experimental campaigns, each campaign contained at least three 3D Petri and 3D biochip
leading to n=3x3=9). For RT-gPCR and metabolomic analysis, 9 replicates (from 3
independent experiments 3x3) were used. Concerning CAGE transcriptome profiling, 6 (from
3 independent experiments 2x3) and 4 (from 3 independent experiments) replicates were used
for biochip and Petri conditions, respectively. RT-qPCR data are presented as the mean *
standard deviations (SD). The Kruskal Wallis test was performed to determine any significant

differences between the samples (p- values < 0.05 were identified as statistically significant).

3. Results

3.1 Morphologies and functional analysis
The iPSC stage 1 cell population was successfully inoculated in the honeycomb and started
to form 3D aggregates inside the honeycomb plates as shown in Fig.1B. After 4 days of culture,
spheroids were collected from the honeycombs’ plates and splitted into two groups. The first
group was re-injected in a second set of 3D honeycomb plate (3D Petri) for static controls. The
second group of spheroids was inoculated in 3D biochips for dynamic cultures. The spheroids
were maintained successfully in culture until the end of the experiments as shown in Figs1C
and 1D. The immunostaining of the spheroids in both 3D Petri and in 3D biochips displayed
similar patterns as shown in Fig. 2. The spheroids were positive to insulin, glucagon, MAFA,
PDX1 and GCK. We did not find any striking difference of the fluorescence intensity between
the 3D Petri and 3D biochips conditions.

Typical pancreatic markers were characterized by RT-qPCR (Fig.3). We confirmed that
the spheroids in 3D Petri and in 3D biochips over-expressed PDX1, NKX6.1, PTF1A, INS,

NKX2.2 and GCK when compared to stage 1 iPSCs. Furthermore, mRNA levels of GLUT2,



GCG and SST were particularly high in 3D Petri when compared to both iPSC-stage 1 cells
and 3D biochips. In parallel, we did not find specific upregulation of MAFA, PCSK1 or UCNS3,
whereas NGN3 gene expression levels appeared downregulated when compared to iPSC-

stage 1 cells.

3.2 Transcription factor motif activity response analysis

NanoCAGE transcriptomics data obtained from iPSC-stage 1 cells and the cell samples
differentiated either in 3D Petri and in 3D biochip experiments were processed for Motif Activity
Response Analysis (MARA) in order to identify important Transcription Factors (TFs)
differentially involved in the differentiation process. The overall TFs activity table is given in
supplementary file 3. The multivariate analysis performed with this TF motif activity table
contributed to separate the 3D biochips, the 3D Petri and the iPSC stage 1 conditions. The
heatmap of the top 50 TFs motifs, discriminating the different groups of samples (P value <
0.05), is presented in Fig 4A.

From this analysis, we found that the iPSCs stage 1 was characterized by high activities
of the following TFs binding motifs: SOX4, TCF7L2, UCCAGUU, HOXA2_HOXB1, ALX1_ARX,
WT1_MTF1_ZBTB7B, UACAGUA, CGUGUCU, KLF7, UUGGUCC, ACUGCAU,
ELF_GABA_ELF5, PRRX1_ALX4 PHOX2A, ZIC2_GLI1, SP100 and TFAP2B. In parallel, the
3D Petri was characterized by the increased activity of TFs motifs such as WRNIP1, NROB1,
TP63, SOX8, HIC2, FOXK1_FOXP2_FOXB1, RXRG, KLF1 and HIC2. Moreover, 3D biochips
were characterized by the enhanced motif activity of HIF1A, AUGGCAC, DDIT3 and SP4_PML.
We found that GF11B, ZSCAN4, E2F2_E2F5 and ZNF784 were commonly over activated in
iPSC stage 1 and in 3D Petri. Finally, JUN, FOSL1, SOX17, MEF2D_MEF2A,
CREB5_CREM_JUNB, BACH1_NFE2_NFE2L2, UAUUGCU and AGUGCUU were commonly
over expressed in 3D Petri and 3D Biochips when compared to iPSC-stage 1.

In parallel, the mean motif activity provided by MARA extracted another set of potential

interesting transcription factors. NRF1, TBP, GMEB2, HSF4, ZBTB33 CHD2,



ZNF711_TFAP2A_TFAP2D, YY1_YY2, GGAAUGU, MAFB and AIRE were the top 10 active
transcription factors with the highest z-value (Fig.4B).

Finally, we extracted a selection of transcription factors from both analysis with potential
pancreatic development interest. We plotted the activity profile of NRF1, MAFB, HIF1 and
SOX17 (Fig. 4C) as they appeared among the genes with a more activated motif in 3D biochips
when compared to 3D Petri and iPSC-stage 1. The regulatory networks of these TFs are
provided in Fig.4D and contributed to bridge both set of transcription factors of Figs.4A and 4B.
Thus, we found that NRF1 linked with MEF2D_MEF2A gene, MAFB linked with

WT1_MTF1_ZBTB7B and HIF1A linked with WRNIP1.

3.3. Transcriptome analysis
3.3.1. Comparison of 3D Petri vs stage 1 iPSC
Transcriptomics data obtained from iPSC-stage 1 and cell samples differentiated in 3D Petri
were compared. Differential gene expression analysis was performed with limma-voom in
iDEP9.1 with an FDR set at 0.2 and a minimum fold change above 1.1. The analysis led to
extract 195 genes differentially expressed between the two conditions (Fig.5A and
supplementary file 4). Among the discriminating genes, several lipid-related genes (FABPS,
ACAT2, LPIN1, HMGCS1, SQLE), hormones-related genes such as GCG (glucagon), CHGB
(Secretogramin B), TTR (transthyretin), INSIG1 (insulin induced gene 1), and receptor KDR
(VEGFR) were found upregulated in cells differentiated in the 3D Petri environments. The
GO_biological_process gene ontology annotations associated to these upregulated genes
confirmed the enrichment of cognate lipid and hormone pathways (Fig.5B). The stage 1 iPSC
displayed upregulated gene expressions for FGFR2 and insulin-related genes (IGFBP2, IGF2).
Finally, the expression of several ECM-related genes (FN1, ACTB, COL4A5, COL5A2, FLNA)
were also found upregulated, leading to an enrichment of the cytoskeletal protein binding
GO_molecular_function annotation (Fig.5C).

We next performed pathway analysis using the Gene Set Enrichment Analysis (GSEA)

method that considers fold-change values of all genes to identify coherently altered pathways.
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The top GO_biological_process pathways identified were related to lipids, steroids and
lipoproteins (Fig.S3 and supplementary file 4). These pathways were found over activated in
3D Petri, which corresponds to the upregulation of genes such as HMGCS1, INSIG1, HMGCR,
FDFT1, PDK4, PDGFA, FABP3, SQLE, LSS, DKK3, CGA, DHCR7, DHCR24, KPNB1 and
ACAT2 (expression levels of selected genes are presented in Fig.5D). Concomitantly, this led
to enrichments of the PPAR, Fatty acids and Peroxisome signaling using the GO_KEGG
pathway database (Fig.S4 and supplementary file 4). Regarding important
GO_molecular_functions, we found that the 3D Petri culture environment contributed to over
activate hormone activity through the up regulation of genes such as TTR, COPA, CGA, GCG,
INS CHGB and IAPP, together with the down regulation of IGF2 (expression levels of selected
genes are displayed in Fig.5D). Other GO_molecular_functions like the lipid processes, amide
binding, the iron and sulfur ion functions and the oxidoreductase activity were also found
enriched in 3D Petri samples (Fig.S5 and supplementary file 4).

In the stage-1 iPSC, the enriched GO_molecular_functions identified were related to DNA
and RNA bindings and methyltransferase activity. We also found an enrichment of the
cytoskeleton compounds (Fig.5D). The differences of expression of some ECM related-genes
illustrate a balance between the up and down expression of those genes (high expression
levels of LAMA1, LAMA2, FN1, COL4A5, COL6A3 and VCAN genes observed in stage 1 iPSC
versus high expression levels of COL4A1 and VTN genes measured in 3D Petri, Fig.5D).

Finally, the GO_KEGG ECM-receptor pathway was also highlighted (Fig.S4).

3.3.2. Comparison of 3D biochips vs stage 1 iPSC and 3D Petri

The results of the comparison of 3D biochips (at the end of the culture) with the stage 1 iPSC
led to identify 418 genes differentially expressed (Fig.S6, the list of genes is given in
supplementary file 5). Similarly, to 3D Petri, we found the enrichment of the genes ontologies,
using the GSEA formalism, were related to lipids and sterols metabolisms, hormones activity,

oxydo-reduction, TCA pathway, glucagon pathway in 3D biochips whereas ECM constituents
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were enriched in step 1 iPSC. The details of the enrichments of the GSEA analysis for the
biological_process and KEGG pathways are given in Fig.S7 and Fig. S8.

In order to clearly specify the differences between the 3D Petri and the 3D biochips, we
performed a dedicated analysis. Differential gene expression analysis was performed with
limma-voom in iDEP9.1 with an FDR set at 0.2 and a minimum fold change above 1.1. This
led to extract a short list of 112 genes discriminating the two conditions (nb: extended to 203
genes with an FDR of 0.3, supplementary file 6). The heatmap showing the top 50 differentially
expressed genes is presented in Fig.6A. Among those genes, we found the down regulation
of CHGA, INS, TTR (and of VIM, BMP4, FABP3 with FDR <0,3) and the up regulation of FTL,
CALR, CHGB, SRC, PRKCD, a protein kinase C, (and of CEBPG, HEXB with FDR < 0,3) in
3D biochip cultures. The gene ontology analysis was performed on the list of those 203
differentially expressed genes. The GO_biological_process and GO_molecular_function
annotations found enriched in 3D Petri were related to the response to lipid (overexpression
of FABP3, HMGCS1 genes in 3D Petri) and to cytoskeletal constituent (overexpression of
ACTB, ACTG1, VIM, NEFM, MAP1B genes in 3D Petri). The 3D dynamic cultures in biochips
were characterized by the peptide transport, and various processes linked to the cellular
localization (the details of the enrichments are given in supplementary file 6).

To refine the analysis, we further performed pathway analysis by GSEA. The top
GO_biological process enriched the negative regulation of stem cell differentiation in 3D Petri
whereas we found up regulation of response to angiotensin, positive tissue remolding,
gluconeogenesis in 3D biochips as shown in Fig.6B. The GO_molecular function pathways
identified in 3D biochips cultures included calcium activated cation channels, GTPase bindings,
ubiquitin protein ligase binding, steroid dehydrogenase activity, monosaccharide binding and
transferase activity (Fig.6C). TGFp signaling was identified as the main GO_KEGG pathway
overactivated in 3D Petri cultures (Fig.S9), whereas glycolysis/gluconeogenesis, RNA process,
insulin pathway and glucagon pathway (Figs.S10 to S13) were overactivated in 3D biochips

culture.
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3.4 Metabolomic analysis

The GC-MS metabolomic analysis contributed to identify 109 compounds (supplementary file
7). In order to consider the switch in medium after 12 days of culture (in stage 2, see Fig.1A)
and the split of islet populations at the biochip inoculation stage (Fig.1A), the metabolites levels
were normalized by culture medium levels and the number of islets in each sample.

The multivariate analysis between day 2 (48h in honeycombs during the spheroids
formation) and day 16 (the last day of experiment) contributed to distinguishing both time points
(PLS-DA score plot in Fig.S14) and extract 20 and 33 metabolites that were differentially
expressed in 3D Petri culture with P values below 0.05 and 0.1 respectively. The full data
including PLS-DA score plot, heatmap and metabolites list (with P value and fold change) are
provided in Fig.S14 and supplementary file 7. The top 30 of differentially expressed
metabolites are displayed in the VIP plot presented in Fig.7A. The signature of 3D Petri cultures
at the day 2 included higher levels of fructose, tagatose, lactitol, 2-hydroxybutyrate, methionine
sulfoxide, alanine and phenylalanine. The day 16 signature is characterized by higher levels
of lipids such as palmitic acid, stearic acid and oleic/elaidic acid.

The same analysis contributed to extract 32 metabolites in 3D biochips that were
differentially expressed between day 2 and day 16 with a P value below 0.05, and 57 with a P
value below 0.1 (supplementary file 7). The PLS-DA score plot and heatmap of significantly
expressed metabolites are provided in Fig.S15. As shown in the VIP plot of Fig.7B (displaying
the top 30 metabolites), the day 2 was characterized by high levels of fructose and adipic acid.
At day 16 in 3D biochips, we found high level of several lipids, porphyrin precursor (nb in fact
the detected compound identified is the 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine),
several glycolysis and carbohydrates substrates and intermediates.

Finally, we directly compared the 3D Petri and the 3D biochips at day 16. The PLS-DA
score plot analysis contributed to separate the two conditions with a good predictability and
fitting degree (R2 and Q2 > 0.7, Fig.7C). A total of 21 metabolites with a P value below 0.05
(52 with a Pvalue below 0.1) were extracted. The list of the metabolites differentially expressed
between the two cultures modes is provided in the heatmap in Fig.7C and supplementary file
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7. The 3D biochips were characterized by higher levels of glycerol and glycerol-1-phosphate
(an intermediate of phospholipids derived from glycerol), whereas 3D Petri led to higher level
of glyceric acid (a metabolite of glycerol oxidation), 2 ethyl hexanoic acid (a middle chain long
fatty acid), lauric, linoleic and threonic acids. The 3D biochips presented also higher levels of
serotonin, lactitol, beta hydroxy isovaleric acid (a hydroxy fatty acid), 2 keto isocaproic acid,

pyroglutamate, nicotinamide and picolinic acid.

4. Discussion

Currently, the gold standard in diabetes research and drug screening is the use of primary
pancreatic islets of Langerhans. However, the low reproducibility due to different genetic
backgrounds, the lake of donors and the variability introduced by the cell collection, cell types
and assays, lead to a large variability of the data and thus to bias their interpretation .
Furthermore, the limited supply of primary human islets or B-cells remains a major bottleneck
in diabetes research and therapy %. In that regard, hiPSCs represent a promising alternative
and could provide a nearly unlimited number of cells for diabetes studies, anti-diabetic drug
development and cell therapies. In addition, to maintain the islets functionality for long-term
cultures, to investigate chronic development, it is necessary to understand the intracellular
mechanisms of the pathogenesis %’. Furthermore, to propose new treatments of DM, it is
important to understand the human endocrine and exocrine systems, their function and the
consequences of their failure %”. Recently, we have shown that hiPSCs-derived B-cells pseudo-
islets cultured in microfluidic biochips display the functions and markers of endocrine pancreas
after 2 weeks of culture.?” In the present study, we confirmed that the spheroids expressed
insulin and glucagon (immunostaining) and typical pancreatic genes such as PDX1, NKX6.1,
PTF1A, INS, NKX2.2 and GCK. Biomechanical and biochemical stimulations (through shear
stress, cell interactions, soluble factors concentrations) largely impact pancreatic islets
function and responses.®® As microfluidic configuration is critical for islet cultures,**4° we
calibrated our device with rat islets and iPSCs based spheroids in our previous works. Although

physiological pancreas islets are exposed to flow rate estimated at 0,03mL/day (estimation of
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Sankar et al., 2011 based on the study of Lifson et al., 1985),4%4! our 20 pL/min flow rate led
to a nutrient time residence estimated to 100s. Furthermore, our shear stress of 2 mPa.s is in
the range of accepted values beneficial for pancreatic in vitro cultures in microfluidic bioreactor
(as discussed by Jun et al., 2019).2!

In order to increase the knowledge of the behaviour on those spheroids maintained in
microfluidic biochips, we propose to extend their characterization by full transcriptomics and
metabolomics profiling. We analyzed and compared the transcriptome and the metabolome of
pancreatic spheroids derived from hiPSCs in honeycombs (3D Petri) and in microfluidic
biochips (3D biochips). The transcription factor analysis revealed a difference between the
biochip and other conditions (Petri and iPSCs stage 1) through a group of genes with a motif
activity related to cell proliferation and pancreas differentiation. The AUGGCAC motif detected
in 3D biochips (AUGGCAC associated to MicroRNA-183-5p) is involved in pancreas
cancerous cells proliferation.*? Similarly, we found the over activation in 3D Petri and 3D
biochip of MEF2D_MEF2A (MEF2D is linked to cell proliferation in pancreatic tissue).*®
Furthermore, over activated motif AGUGCUU, associated to miR-302c-3p, is normally
downregulated during B-cell differentiation in stem cells ,* but it was found over activated in
our 3D Petri and 3D biochip. In parallel, the transcription factors analysis also reveals the over
activation of SOX17 and MAFB motifs in our 3D biochip. That appeared very crucial as far as
SOX17 is a key transcriptional regulator that is reported to regulate insulin secretion and
prenatal pancreas B-cell function.*® Furthermore, the maintenance of MAFB is a key point to
keep B-cell differentiation.*® As a result, those data suggest a modulation of the proliferation
status and differentiation process of the B-like cells in our model. However, regarding future
implantation applications, additional studies would be required to confirm the proliferation
capability, especially in link with the inflammation response of the host and the derivation of
the spheroids toward tumor like tissue.*”

The transcriptomic analysis confirmed an important upregulation of genes related to
hormones metabolism in the 3D Petri and 3D biochips cultures. We found that TTR, CGA,
GCG, CHGB, VGF, IAPP genes (coding for transthyretin, Glycoprotein Hormones Alpha Chain,
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glucagon, Chromogranin B, Neuro-Endocrine Specific Protein, Islet Amyloid Polypeptide
respectively) were upregulated in spheroids (in 3D Petri and in 3D biochips), when compared
to stage 1 iPSCs. It is worth to note that those molecules are important endocrine and
pancreatic markers. Thus, TTR is involved in the regulation of Ca?* concentration and insulin
release in B-cells.*® Furthermore, the TTR expression was detected in a-cells that is consistent
with our GCG detection.*® In parallel, islet Amyloid Polypeptide is one of the major B-cell
products with a potential role in paracrine islets stimulation and an important player on central
nervous system.®® VGF is a prohormone expressed in neuroendocrine and endocrine tissues.
In pancreas it was demonstrated to be a critical node of granule biogenesis in the islet B-cell
to coordinate insulin biosynthesis.>' Consistently CGA regulates vesicles storage and
mitochondrial process in insulin secretion.®® At the metabolome level, the analysis was
completed by high level of serotonin, especially in 3D biochips. Serotonin is playing direct
action on insulin secretion and in B-cell proliferation.5® Serotonin is also reported to be
produced in B-cells to inhibit a-cells glucagon expression (however, we did not find striking
evidence of glucagon lower level in 3D biochips). Furthermore, without serotonin, the
regulation of glucagon in a-cells is unpaired during the islets’ response to glucose stimulation.>*
Additional intracellular metabolomics analysis (endometabolomics) would provide further
information and mechanistic evidence.

At the end of the experiments, the spheroid signatures, both in 3D Petri and 3D biochips
were characterized by an important modulation of the lipid signaling when compared to early
stage of the differentiation process. Lipids and fatty acids metabolisms are important regulator
of the pancreatic functions. Lipid droplets (LDs) accumulation in human pancreatic islets is
increased with age.®® LDs accumulated also in human B-like-cells produced from human
embryonic stem cells. Furthermore, LDs accumulation increased in human T2MD islets.* In
parallel, endogenous uptake of Fatty acid is an important signaling factor in pancreatic -cells
and for insulin secretion.¢ Levels of intracellular glucose also alters the fatty acids metabolism
in B-cells.%” Thus, the lipids exposure and their accumulation are key processes of B-cells
dysfunction. Therefore, it is important to understand the relationship between lipids and 3-cells
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especially in the frame of diabetes therapy 8. The present metabolomic analysis revealed the
high levels of glycerol and glycerol-phosphate in 3D biochips. It is reported that glycerol-3-
phosphate formed from glucose are a glycerol source for glycolipids formation in B-cells.5%
Therefore, a metabolic difference was detected at the metabolome levels when comparing 3D
Petri and 3D biochips regarding the glycerol metabolism. The production of glycerol-3-
phosphate is reported to consume nicotinamide adenine dinucleotide (NADH) and produces
NAD* that can accelerate the glycolysis. The lipids that are generated, are in turn proposed to
promote the insulin secretion.%® Although we did not quantify the cell number within the
spheroid, B-cell proliferation is also regulated by fatty acids which could be another reason of
our lipid modulation. Finally, our spheroids contributed to generate glucagon positive tissue in
both 3D Petri and 3D biochips (demonstrated from immunostaining). Glucagon is secreted
from a-cells and is a paracrine B-cells’ regulator.5' Furthermore, glucagon levels are regulated
by fatty acid B-oxidation under low glucose, probably via FFAR1 and GPR119.58

We may suspect low glucose and oxygen concentrations in the center of the spheroid. In
term of disease treatment, HIF is a potential target of anti-diabetic therapy because its
inhibition preserves B cell function under metabolic overload © (llegems et al. 2022). In fact,
spheroid’s core is largely reported in shortage of nutrients and oxygen.®® That is consistent
with HIF1A over activity found in the transcription factor analysis. Under low glucose, a-cells
normally produced glucagon. In addition, under hypoxia, the ratio of a-cells sharply increased
inside rat pancreatic islets whereas the B-cells decreased.®* Furthermore, hypoxia regulated
also embryonic pancreatic cells differentiation and insulin-glucagon ratio levels.®® B-cells
derived from embryonic stem cells differentiation appeared regulated under hypoxia by HIF1.66
HIF is also required to prevent T1DM development.” We found high level of GLUT2 mRNA in
3D Petri and 3D biochips (nb: 3D Petri > 3D biochips), high level of HIF motif activity in the 3D
biochips, INS mRNA higher levels when compared to stage 1 iPSCs (but no statical difference
in INS transcriptomic expression in 3D Petri and 3D biochips). Furthermore, we detected
higher GCG mRNA level, higher serotonin metabolic production, higher levels of metal ions
(ZNF490, ZNF766, FTL), CEPBG (insulin regulator), WDR55 (cell cycle/organogenesis highly

17



express in pancreas), CHGB (secretory granule genes expressed in a and (3 cells) and LPER
(insulin/glucose homeostasis) at the transcriptomic level that could reflect a specific orientation
to the heterogenous a and B lineage differentiation during the 3D differentiation.®® Finally, a
single cell sequencing analysis of human pancreatic islets also demonstrated this type of
plasticity of pancreatic tissue with the possibility of de-differentiation between B and a cells.5®
Overall, those literature data are coherent with our 3D Petri and 3D biochip signatures in which
both types of 8 and a cells markers were detected.

Finally, an important difference between 3D Petri and 3D biochip was the larger activation
of the TGFB pathway in 3D Petri (nb: nevertheless, the TGFB pathway is also activated in 3D
biochips when compared to stage 1 iPSCs) and the higher level of protein kinase C (PKC) in
3D biochips. TGFB is a key signaling in the development of pancreas endocrine tissue.”® More
particularly TGFB1 improves B-cells differentiation, insulin productive cells and insulin
release.”” 72 It is also a key trigger of diabetes in pancreatic cancers 3. In parallel PKC is
reported to play role in islets, ductal and acinar pancreatic cells development, pancreas
inflammation and to mediate pancreatic cancer progression.” More particularly, PKC proteins
required diacylglycerol (a derivate from glycerol-3-phosphate that we found over expressed in
3D biochip metabolome) and calcium binding for their activation (calcium activated ion channel
activity is up regulated in 3D biochips when compared to 3D Petri). In B-cells, protein kinase C
(PKC), in collaboration with TRPM4 and TRPM5 (via GLP1 activation), lead to increase the
insulin secretion.” While in a-cells, PKCa and PDC? regulate the glucagon production (nb:

consistently we found upregulation of PRKCD in 3D biochips).

5. Conclusion

In the present investigation we successfully cultured pancreatic cells in 3D Petri honeycombs
and 3D biochips. We have compared the metabolome and transcriptome profiles of spheroids
made of induced pluripotent stem derived into 3-cells. The spheroids displayed heterogeneous
signatures with the expression of a-cells markers such as GCG together with B-cells

characteristics such as production of insulin. Glucagon was more expressed in dynamic
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cultures, illustrating a potential higher degree of heterogeneity in biochips. The dynamic
cultures also contributed to modulate the TGFB and PKC proteins signaling and HIF-
dependent pathway at the gene expression level. The dynamic culture also increased the lipids
and serotonin metabolic levels. Finally, we believe that our technology and our approach would
be a promising strategy for final application of diabetes therapies, especially considering the
insulin and glucagon balance coupled with the transcriptomics related findings due to the clear

spheroids’ heterogeneity in biochips.
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Figures captions

Fig.1. Differentiation of hiPSCs in pancreatic 3-cells. (A) Chronology of differentiation
process from hiPSCs to B-cells. Stage 1 correspond to first stage of differentiation
performed by manufacturer (Takara Bio, iPSCs stage 1) and stage 2 correspond
to the authors differentiation (maturation) protocols; (B) morphology of the B3-cell
spheroids formed in the static honeycomb Petri at day 4 of stage 2 of maturation;
(C and D) morphology of B-cell spheroids in 3D honeycombs Petri and 3D biochip
at day 16 of stage 2 of maturation (end of the experiments), respectively.

Fig.2. iPSC-derived B-cells spheroids characterization at the end of the differentiation
(day 16 of stage 2 of maturation) by immunostaining of pancreatic markers:
PDX1, GCK, MAFA, glucagon, insulin and DAPI, phalloidin. (A) 3D biochip culture
and (B) 3D honeycomb Petri culture (static).

Fig.3. mMBRNA levels of pancreatic markers in B-cell spheroids at the end of the
differentiation (day 16 of stage 2 of maturation) in static 3D Petri and 3D-biochip.
The mRNA levels are presented as a ratio between 3D Petri ratio and 3D biochip,
and stage1-iPSCs (iPSC-ST1) to highlighted the variation at the end of
differentiation compared to immature B-cell (iPSC-ST1).

Fig.4. Comparison of important Transcription Factors (TFs) extracted from NanoCAGE
transcriptomics data of B-cell spheroids at the end of the differentiation in static
3D Petri and dynamic 3D-biochip, and immature B-cell (iPSC-ST1). (A) Heatmap
of transcription factor motif activities discriminating the 3D Biochip, 3D Petri and
iPSC-stage 1 conditions; (B and C) motif activity of selected TFs; (D) regulatory
networks of NRF1, MAFB, HIF1A and SOX17 TFs.

Fig.5. Transcriptomics profiling of B-cell spheroids at the end of the differentiation in
static 3D Petri and immature B-cell (iPSC-ST1). (A) Heatmap illustrating the
transcriptomic separation of the 3D Petri and iPSC-stage 1 conditions; (B, C)
GO_biological process and GO_molecular function annotations enriched in 3D
Petri and iPSC-stage 1 (the enrichment was performed in iDEP 9.1 using the
genes differentially expressed between th two conditions); (D) heatmaps of
expression levels of selected genes involved in lipids, hormones and ECM related
pathways.

Fig.6. Comparison of the transcriptome profiles of mature (day 16 of stage 2 of
maturation) B-cell spheroids differentiated in static 3D Petri and dynamic 3D



biochip. (A) Heatmap of the top 50 genes discriminating the B-cell differentiated
in 3D biochip and 3D Petri; (B and C) GO_biological process and GO_molecular
function annotations enriched in 3D biochips and 3D Petri (the enrichment was
performed in iDEP 9.1 using the genes differentially expressed between the two
conditions). Enriched GO annotations in 3D Petri are indicated with green dots,
while those enriched in 3D biochips are indicated in red.

Fig.7. Metabolomic signatures of hiPSCs-derived B-cell cultured in 3D Petri and 3D
biochip, at different times of stage 2 of maturation. (A) VIP plot discriminating the
day 2 and day 16 of culture in 3D Petri; (B) VIP plot discriminating the day 2 and
day 16 of culture in 3D Biochip; (C) multivariate statistical analysis comparing -
cell differentiated in 3D Petri and 3D Biochip at the end of the differentiation (day
16 of stage 2 of maturation): PLS-DA score plot separating the two conditions,
PLS-DA model validation and heatmap of top metabolites contributing to 3D Petri
and 3D biochip cultures separation.
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Supplementary file 1

Fig.S1. Design and structure of honeycomb used for hiPSC derived B-cells spheroids

formation and cultures. View from Scanning Electronic Microscope (SEM).

Biochip

Bubble trap

P

Peristaltic pump

Fig.S2. (A) Design and dimensions of biochips used for hiPSC derived B-cells spheroids

cultures and (B) setup used for dynamic culture in biochips.



® Up in 3D Petri

1 ® 9e-02 Response to copper lon
@3e-02 Cellular iron ion homeostasis

3e-02 Regulation of sterol biosynthetic process
3e-02 Regulation of cholesterol biosynthetic process
3e-02 Regulation of cholesterol metabolic process
3e-02 Regulation of alcohol biosynthetic process
3e-02 Secondary alcohol biosynthetic process
3e-02 Cholesterol biosynthetic process
3e-02 Regulation of steroid biosynthetic process
3e-02 Regulation of steroid metabolic process
4e-02 Secondary alcohol metabolic process
4e-02 Cholesterol metabolic process

@®4e-02 Regulation of lipid biosynthetic process

@3e-02 Isoprenoid biosynthetic process
4e-02 Plasma lipoprotein particle organization
3e-02 Protein-lipid complex subunit organization
5e-02 Plasma lipoprotein particle remodeling
5e-02 Protein-lipid complex remodeling

3e-02 Regulation of plasma lipoprotein particle levels
3e-02 Plasma lipoprotein particle clearance
3e-02 Low-density lipoprotein particle clearance

3e-02 Sterol homeostasis

3e-02 Cholesterol homeostasis
3e-02 Lipid homeostasis

3e-02 Acylglycerol catabolic process

3e-02 Neutral lipid catabolic process
I—05e-02 Triglyceride catabolic process

——®5e-02 Cellular response to lipoprotein particle stimulus
L —@3e-02 Response to lipoprotein particle
@ 5e-02 Peptidyl-serine dephosphorylation

Fig.S3. GO_biological_process pathways identified by Gene Set Enrichment Analysis (GSEA)

method (3D petri vs. iPSCs stage 1 comparison).

Upin iPSC-stage 1 @® Upin 3D Petri

# 6e-02 Osteoclast differentiation
® 3e-02 Necroptosis
#1e-02 Herpes simplex virus 1 infection
1e-01 Small cell lung cancer
1e-01 ECM-receptor interaction
®2e-02 Phagosome
+ 1e-01 Alcoholism
1e-01 Serotonergic synapse
3e-01 Amphetamine addiction
® Ge-02 Dopaminergic synapse
3e-01 Cortisol synthesis and secretion
2e-01 Thyroid hormone synthesis
3e-01 Hedgehog signaling pathway
@ 2e-02 Mineral absorption
& 3e-01 Glutathione metabolism
2e-01 Pentose phosphate pathway
3e-01 Biosynthesis of unsaturated fatty acids
# Ge-02 Fatty acld metabolism
» 1e-01 Fatty acid elongation
@ 2e-02 PPAR signaling pathway
* 1e-01 Fatty acld degradation
# 4e-02 Tryptophan metabolism
4e-01 Butanoate metabolism
2e-01 Peroxisome
@ 2e-02 Terpenoid backbone biosynthesis
| ® 4e-02 Cholesterol metabolism
‘|_ ®1e-02 Fat digestion and absorption
3e-01 Glycerolipid metabolism
4e-01 Retinol metabolism
3e-01 Basal transcription factors

Fig.S4. GO_KEGG pathways identified by Gene Set Enrichment Analysis (GSEA) method (3D

petri vs. iPSCs stage 1 comparison).



Upin iPSC-stage 1 ® Upin 3D Petri

®3e-01 Amide binding

@ 3e-01 Amylold-beta binding

# 3e-01 Fatty acid derivative binding

@ 3e-01 Alcohol binding

# 3e-01 Cholesterol transporter activity

@ 3e-01 Lipid transporter activity
,Be-m Protein-lipid complex binding

*39-01 Lipoprotein particle binding

# 3e-01 Antioxidant activity

#®2e-01 Hormone activity

# 3e-01 Poltassium channel regulater activity

® 3e-01 Oxidoreductase activity, acting on the CH-CH group of donors, NAD or NADP as acceptor

® 3e-01 Neutral amino acid transmembrane transporter activity

—:M‘ PR Dieg
3e-01 DNA-binding transcription factor activity, RNA polymerase ll-specific

’—eae-m Protein methyltransierase activity

L #36-01 N-methyltransferase activity

# d4e-01 Microtubule plus-end binding

@®2e-01 2 iron, 2 sulfur cluster binding

Fig.S5. GO_molecular_functions identified by Gene Set Enrichment Analysis (GSEA) method

(3D petri vs. iPSCs stage 1 comparison).



iPSC-ST1 3D-Biochip

Fig.S6. Heatmap illustrating the transcriptomic separation (418 genes, 185 upregulated in
biochip; 233 upregulated in stage 1 iPSC) of the 3D Biochip (spheroids at the end of the
cultures) and stage 1 iPSC conditions (red upregulated, green downregulated). The list of
genes is given in Supplementary file 5. Among them TTR, GCG, IAPP, CGA, CHGB, HIF3A,

ACAT2, HMGCS1, PLIN2, APOB, SQLE were upregulated in 3D biochips.



« Upin 3D Biochip

1e-02 Proteinipid complex subunit organization
1e-02 Plasma lipoprotein particle organization
1e-02 Plasma lipoprotein particle remodeling
1e-02 Protein-lipid complex remodeling
2e-02 Pretein-containing complex remodeling
1 @1e-02 Regulation of plasma lipoprotein particle levels
@1e-02 Cholesterol homeostasis
®1e-02 Sterol homeostasis
®2¢-02 Cellular response to lipoprotein particle stimulus
1e-02 Regulation of steroid metabolic process
1e-02 Regulation of steroid biosynthetic process
. 1e-02 Regulation of lipid biosynthetic process

1e-02 Secondary alcohol biosynthetic process
1e-02 Cholesterol biosynthetic process
1e-02 Sterol biosynthetic process

L

1e-02 Requlation of sterol biosynthetic process
1e-02 Regulation of cholesterol biosynthetic process
1e-02 Steroid metabolic process
1e-02 Steroid biosynthetic process
1e-02 Cholesterol metabolic process
1e-02 Secondary alcohol metabolic process
@2e-02 Positive regulation of lipid catabolic process
1e-02 Long-chain fatty-acyl-CoA biosynthetic process
1e-02 Long-chain fatty-acyl-CoA metabolic process
®1e-02 Very long-chain fatty acid metabolic process
4 ®2e-02 Negative regulation of protein oligomerization
@2e-02 Ceramide catabolic process
—®2e-02 Tricarboxylic acid cycle
L @1e-02 Tiicarboxylic acid metabolic process
@2e-02 Peptidyl-serine dephosphorylation

|

Fig.S7. GO_biological_process pathways identified by Gene Set Enrichment Analysis (GSEA)

method (3D Biochip vs. iPSCs stage 1 comparison).



® Up

2e-03 Biosynthesis of unsaturated fatty acids
—::2e-03 Fatty acid metabolism
———@2¢-03 Fatty acid elongation
@ 7e-03 PPAR signaling pathway

2e-02 Valine, leucine and isoleucine degradation
E%-Os Fatty acid degradation

3e-03 Tryptophan metabolism
@ 8e-03 Peroxisome
@ 1e-02 Terpenoid backbone biosynthesis
_::&—03 Carbon metabolism

1e-02 Citrate cycle (TCA cycle)

® 1e-02 Glutathione metabolism

—{ @ 8e-03 Ferroptosis

® 2e-02 Cholesterol metabolism

_| @2¢e-03 Fat digestion and absorption

{ @ 7e-03 Synaptic vesicle cycle
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—::7e-03 Oxidative phosphorylation
2e-03 Alzheimer disease

1e-02 Aldosterone synthesis and secretion
1e-02 Cortisol synthesis and secretion
2e-03 Thyroid hormone synthesis

@2¢-03 Renin secretion
@2¢-03 Glucagon signaling pathway

_|::2e-03 Serotonergic synapse

2e-03 Dopaminergic synapse
1e-02 Cocaine addiction

_::4e-03 Amphetamine addiction

@ 8e-03 Necroptosis

® 4e-02 Proteasome

Fig.S8. GO_KEGG pathways identified by Gene Set Enrichment Analysis (GSEA) method (3D

Biochip vs. iPSCs stage 1 comparison).
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Fig.S9. Comparison of the transcriptomes of 3D biochips and 3D Petri cultures: genes
significantly modulated in TGF signaling pathway highlighted by KEGG pathways analysis.
Genes upregulated in biochips are highlighted in red, while those upregulated in 3D Petri are

highlighted in green.
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analysis. Genes upregulated in biochips are highlighted in red, while those upregulated in 3D

Petri are highlighted in green.
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Fig.S12. Comparison of the transcriptomes of 3D biochips and 3D Petri cultures: genes
significantly modulated in insulin pathway highlighted by KEGG pathways analysis. Genes
upregulated in biochips are highlighted in red, while those upregulated in 3D Petri are
highlighted in green.
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Fig.S13. Comparison of the transcriptomes of 3D biochips and 3D Petri cultures: genes
significantly modulated in glucagon signaling pathway highlighted by KEGG pathways
analysis. Genes upregulated in biochips are highlighted in red, while those upregulated in 3D

Petri are highlighted in green.
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Supplementary File 2

1. Honeycomb technology

A silicon mold was fabricated using SU-8-based negative photolithography (MicroChem,
Newton, MA, USA) on a silicon wafer to make honeycomb microwells (diameter: 126 um;
depth: 148 um) and the surface was coated with CHF3, as previously described.! PDMS
prepolymer and curing agent (Silpot 184, Dow Corning Toray, Tokyo, Japan) were mixed at
10:1 (w/w), poured onto the silicon mold and cured at 70°C for at least 2 hours. 15 mm-diameter

rounds were cut from the PDMS microwell to fit the 24-well tissue culture plate.

2. RT-gPCR assays

At the end of the experiments, 500 pl of Trizol™ Reagent (Life Technologies) were added in
each biochip/well and cells were lysed by pipetting. The Trizol solutions containing cell lysates
were stored at -80°C until use. Total RNAs were extracted and purified from the Trizol solutions
using a hybrid protocol combining Trizol and the RNeasy Mini Kit (QIAGEN 74104) following
the manufacturer’s instructions. Briefly, 100 uL of chloroform were added to Trizol solution,
vortexed and incubated 5 min at room temperature (RT). After centrifugation (15 min at 120000
g), the upper agueous phase was collected, mixed with 250 pL of isopropyl alcohol and
incubated at RT for 10 min. The RNA precipitate forms a gel-like pellet after centrifugation at
120000 g for 15 min. After supernatant removing, 1 mL of ethanol was added to RNA pellet
and the solution centrifugated 5 min at 7500 g. Finally, ethanol was removed, the RNA pellet
dried (air dry for 5-10 min) and 20 pL of RNase-free water were added to the RNA pellet.

The concentrations and qualities of the RNAs extracted were assessed using a BioSpec-
nano (Shimadzu Scientific Instruments). Reverse-transcription into cDNA was performed from
0.5 pg of total RNA using the ReverTra Ace gPCR RT Master Mix with gDNA Remover
(TOYOBO). Real-time quantitative PCR was then performed with the THUNDERBIRD SYBR
gPCR Mix (TOYOBO) according to the manufacturer’s protocol and a StepOnePlus Real-Time

PCR system (Applied Biosystems). Primer sequences of genes are shown in Table S1. B-Actin



was used as the reference gene and hiPSCs in stage 1 of maturation (iPSC-ST1) were used

as the reference sample for the normalization of gene expression data.

Table S1. Primers used in RTqPCR analysis.

Gene* Sequences
PDX1 f CTTGGAAACCAACAACTATTCAC

r_ ATTAAGCATTTCCCACAAACA
NKX2.2 f_ ATGTAAACGTTCTGACAACT

r TTCCATATTTGAGAAATGTTTGC
NKX6.1 f TCAACAGCTGCGTGATTTTC

r_ CCAAGAAGAAGCAGGACTCG
NGN3 f TTGCGCCGGTAGAAAGGATGAC

r_ TCAGTGCCAACTCGCTCTTAGG
INS f CATCAGAAGAGGCCATCAAG

r TCTTGGGTGTGTAGAAGAAGC
GCG t_CAGAAGAGGTCGCCATTGTT

r TGGCTAGCAGGTGATGTTGT
SLC30A8 f GAGCGCCTGCTGTATCCTG

r  TGCACAAAAGCAGCTCTGAC
MAFA t_GTCAGCAAGGAGGAGGTGATC

r  TCACCAACTTCTCGTATTTCTCCT
Sl f TGGGCTGAGGAAGAGACTGT

r_ CCCATCAAGAGAGCTCCAACT
GCK f CACTGCTGAGATGCTCTTCGAC

r  CCACGACATTGTTCCCTTCTG
SST f CCCAGACTCCGTCAGTTTCTG

r_ TCATTCTCCGTCTGGTTGGGT
PCSK1 f TGATCCCACAAACGAGAACAAAC

r TGTGATTATTTGCTTGCATGGCA
UCNS3 f GGCCTCCCCCACAAGTTCT

r_ TCTCTTTGCCCTCCTCCTCC
PTF1A f ATAGAAAACGAACCACCATTTGAGT

r_ CAGGACGTTTTCTGGCCAGA
B actin f CCTCATGAAGATCCTCACCGA

r_ TTGCCAATGGTGATGACCTGG

*PDX1: pancreatic and duodenal homeobox 1 ; NKX2.2 : NK2 homeobox 2 ; NKS6.71 : NK6 homeobox
1; NGN3 : neurogenin 3 ; INS : insulin ; GCG : glucagon ; SLC30A8 : solute carrier family 30 member
8; MAFA: MAF bZIP transcription factor A; GLUTZ2: solute carrier family 2 member 2 ; GCK:
glucokinase ; SST: somatostatin ; PCSKT : proprotein convertase subtilisin/kexin type 1; UCN3:
urocortin 3 ; PTF1A : pancreas associated transcription factor 1a.




3. Immunostaining

After transfer to an untreated TCPS 24-well plate, the spheroids were washed with phosphate
buffer saline solution (PBS) and fixed in paraformaldehyde 4% at 4°C overnight. In order to
perform the immunohistochemistry (IHC) staining in a 3D structure, the spheroids were
permeabilized with 1% Triton X100 in PBS for 3 hours at 4°C and washed 3 times with PBS
for 30 min. Then, the spheroids were blocked with a gelatin buffer for 24 hours at 4°C. Primary
antibodies (Table S2) were incubated for 24 hours at 4°C in a BSA/PBS solution. After washing
with PBS, secondary antibodies (Table S2) were further incubated overnight in a BSA/PBS
solution at 4°C in the dark. Finally, the nuclei were stained with DAPI (342-07431, Dojindo) at
1/1000 for 30 min at room temperature (RT) in the dark. All the incubations and washing steps
were carried out using a shaker. Observations were made using an Olympus |IX-81 confocal

laser-scanning microscope.

Table S2. Primary and secondary antibodies used for islets immunostaining’.

Immunostaining Primary antibody Secondary antibody
Insulin Mouse anti-insulin (ab6995) Goat anti-mouse Alexa Fluor® 594
Abcam (ab150116)
Abcam
Glucagon Sheep anti-glucagon (ab Donkey anti-sheep Alexa Fluor 647 (ab
36232) Abcam 150179)
Abcam
MAFA Rabbit anti-MAFA (ab26405) Goat Anti-rabbit Alexa Fluor® 680 (A-
Abcam 21109)
ThermoFisher
PDX1 Goat anti-PDX1 (ab347383) Donkey Anti-goat Alexa Fluor® 488
Abcam (ab150129)
Abcam
GCK Mouse anti-GCK (sc-17819) Donkey anti-mouse Alexa Fluor® 647
Santa Cruz (ab150107)
Abcam

" All antibodies were diluted in the range recommended by the manufacturers.

4. CAGE transcriptome profiling
NanoCAGE libraries were generated and sequenced as previously described by Poulain et

al.2017.2 Total RNAs were extracted from cell samples conserved in Trizol™ Reagent (Life



Technologies) and the PureLink RNA mini kit (ThermoFisher) following the manufacturer’s
instructions. Fifty nanograms of each total RNA were retrotranscribed to produce cDNA
samples individually tagged by specific barcode sequences. Samples were subsequently
PCR-amplified and multiplexed to produce a nanoCAGE library that was sequenced paired-
end (9.1 pM + 10% PhiX) on a MiSeq system with the reagent kit v3 150-cycles (lllumina).
NanoCAGE sequencing data (FASTQ files) were subsequently processed for CAGEscan

analysis with the cagescan-pipeline workflow (https://gitlab.com/mcfrith/cagescan-pipeline and

https:/github.com/oist/plessy CAGEscan Nextflow).® Briefly, Tagdust v2.33 was used to

demutiplex the sequencing reads and filter out reads originating from ribosomal RNA or oligo-
artifacts.* Remaining reads were then aligned on the human genome (hg19 and hg38) with

LAST (https:/gitlab.com/mcfrith/last).® Resulting .BED files were processed with custom R

scripts using the CAGEr package® to produce gene expression tables that were uploaded
online for differential gene expression (DGE) and pathway gene set enrichment (PGSEA)
analysis with iDEP version 0.92 (http:/bioinformatics.sdstate.edu/idep92/).” The
EdgeR:log2(CPM+c) option was used to transform read counts for clustering. The DGE
analysis was conducted with limma-voom,® applying a false discovery rate (FDR) cutoff of 0.2
and setting the minimum fold change to 1.1. Gene Set Enrichment Analysis (GSEA) and
Pathway Gene Set Enrichment Analysis PGSEA was performed with a pathway significance

cutoff set at 0.2. The ISMARA webserver (https://ismara.unibas.ch/mara/) was used for Motif

Activity Response Analysis (MARA).® MetaboAnalyst 4.0 was used to perform multivariate data

analysis with the transcription factor motif activity matrix extracted from ISMARA.'°

5. Metabolomic analysis

The collected culture medium (250 pL) was completed with 500 L of frozen solution (-20°C)
of water:acetonitrile:isopropanol (2:3:3) containing 4 mg/L of adonitol, 2.75 mg/L of a-
aminobutyric acid solution (adABA), and placed in an eppendorf thermomixer for 10 min at 4°C

with shaking at 1500 rpm. Insoluble material was removed by two centrifugations steps at



14000 rpm for 10 min. Three aliquots of each extract (100 pL) were dried for 4 h at 35 °C in a
speed-vac and stored at -80°C until analysis.

For GC-MS injection, samples were taken out of -80°C, warmed for 15 min and dried again
for 1.5 h at 35 °C before adding 10 uL of 20 mg/mL methoxyamine in pyridine and the reaction
was performed for 90 min at 30 °C with shaking. Then, 90 pL of N-methyl-N-trimethylsilyl-
trifluoroacetamide (MSTFA, Regis Technologies) was added and the reaction continued for 30
min at 37 °C. After cooling, 100 uL was transferred to an Agilent vial for injection. Four hours
after derivatization, 1 pL of sample was injected in splitless mode on an Agilent 7890B gas
chromatograph coupled to an Agilent 5977A quadrupole mass spectrometer. The column was
a Rxi-5SiIMS from Restek (30 m with 10 m Integra-Guard column - ref 13623-127). An injection
in split mode with a ratio of 1:30 was systematically performed for saturated compound
quantification. The oven temperature ramp was 60 °C for 1 min then 10 °C/min to 325 °C for
10 min. Helium constant flow was 1.1 mL/min. Temperatures were the following: injector:
250 °C, transfer line: 290 °C, source: 230 °C and quadrupole 150 °C. The quadrupole mass
spectrometer was switched on after a 5.90 min solvent delay time, scanning from 50-600 u.
Samples were randomized and fatty acid methyl ester mix (C8, C9, C10, C12, C14, C16, C18,
C20, C22, C24, C26, C28, C30) was injected in the middle of the queue for external Rl
calibration.

Raw Agilent datafiles were analyzed with AMDIS (http://chemdata.nist.gov/mass-
spc/amdis/). The Agilent Fiehn GC/MS Metabolomics RTL Library (version June 2008) was
employed for metabolite identifications. Peak areas were determined with the Masshunter
Quantitative Analysis (Agilent) in splitless and split 30 modes. Because automated peak
integration was occasionally erroneous, integration was verified manually for each compound
and peak areas were normalized to ribitol. Metabolite contents are expressed in arbitrary units

(semi-quantitative determination).
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