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Abstract

The pancreas is a critical endocrine and exocrine dual gland. While pancreas organoid
models have been extensively explored for medical applications ranging from metabolic
to oncologic conditions, there are still gaps in our understanding of the normal
developmental trajectories of pancreatic cells during in vivo human ontogenesis. Here we
mapped their spatial and chronological dynamics using 3D imaging of cleared human
embryonic and fetal pancreases. Unexpectedly, we detected insulin immune-positive cells
as soon as 5 post-conceptional weeks, two weeks earlier than previously observed. We
identified a central niche as the onset of the earliest insulin cells production, and detected
extra-pancreatic loci within the adjacent developing gut. Conversely, proliferating
pancreatic progenitors were located in the periphery of the epithelium, suggesting the
existence of two separated pancreatic niches for differentiation and proliferation. We next
validated an explant culture system enabling in vitro proliferation of pancreatic
progenitors. This unveiled a mitogenic effect of PDGFAA in progenitors acting through
the pancreatic mesenchyme. Overall, this works presents a first 3D atlas of the human
developing pancreas charting both endocrine and proliferating cells across early

development.
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Introduction

The pancreas is a vital organ involved in multiple crucial functions from glucose
homeostasis to digestion! It is a mixed gland composed of an exocrine and an endocrine
fraction. The exocrine part contains acinar cells releasing enzymes like Carboxypeptidase
Al (CPAT1) and Amylase (AMY) through a ductal network draining into the duodenum.
The endocrine fraction, clustered in the islets of Langerhans, accounts for 1% of the
pancreatic mass. Pancreas dysfunction is associated with a large spectrum of
interconnected disorders, including diabetes mellitus, pancreatitis, and pancreatic cancer,
which are major health burdens worldwide?. During embryonic development, the
pancreas originates from the foregut endoderm and undergoes morphogenesis,
characterized by extensive proliferation, migration, and differentiation of distinct cell
populations 3. Among them, the endocrine cells, which produce hormones such as insulin
(beta cells), glucagon (alpha cells), and somatostatin (delta cells), are derived from a
subset of pancreatic progenitor cells that undergo endocrine differentiation’.
Understanding the regulation of this process is subject of intense research, bearing
significant implications for developmental biology and regenerative medicine*®.

Rodent pancreas development has been studied in great details during the past decades
through the use, among other technologies, of genetically modified mouse models’?.
However, the developmental and cellular mechanisms underlying the formation and
maturation of the human pancreas are far less understood. The development of the human
pancreas begins during the fourth post-conceptional week (PCW4), when dorsal and
ventral pancreatic buds emerge from the endodermal cells of the developing gut tube'*-1°.
These epithelial buds contain pancreatic progenitors that express key transcription factors
such as PDX1, SOX9, NKX6-1, FOXA2 and PTF1A!""!2, They develop in an intricated
fashion within the surrounding mesodermal-derived mesenchyme and undergo fusion,
branching morphogenesis, differentiation of endocrine and exocrine cells, and
establishment of functional connections with the surrounding organs'. Pancreatic
progenitor cell differentiation into endocrine cells is tightly regulated by various
transcription factors and signaling pathways'’. Furthermore, the proliferation of
pancreatic progenitor cells is a critical aspect of pancreas development and the balance

between proliferation and differentiation is essential for the proper development of the



organ. In this context, the way the human embryonic and fetal pancreas develops

represents a critical source of information!®%!413,

Recently, the combination of light-sheet fluorescent microscopy (LSFM) and tissue
clearing has enabled the three-dimensional (3D) visualization of cellular and tissue
architecture in unprecedented detail and resolution!®!”. Moreover, the integration of
imaging data across different developmental stages has led to the creation of tissue
atlases, which provide comprehensive cellular maps of specific tissues or organs'®2’,

These cell atlases are invaluable resources for understanding the heterogeneity and

complexity of human biology.

So far, 2D descriptions with a limited number of markers did not capture the topographic
relationship between pancreatic progenitors and endocrine cell types. In this study, we
leveraged our expertise in LSFM and tissue clearing'’?! to revisit the early stages of
human pancreas development (PCW5-11), which retain their topographic integrity. We
specifically aimed at investigating the spatiotemporal dynamics of INS™ cell
differentiation and progenitor proliferation in the developing human pancreas using
LSFM to build a human developing pancreas atlas. Our results reveal novel insights into
the cellular mechanisms underlying pancreatic development and provide a foundation for

future studies aimed at gaining further insights into human pancreas development.



Results

Human embryonic and fetal pancreases display isometric growth from 5 to 11 PCW

Significant progress in conventional 2D immunostainings provided highly valuable
information about human pancreas development!'!. However, there is limited work
providing 3D analyses of the human embryonic or fetal pancreas. Here, we report for the
first time the use of iDISCO+?? tissue clearing and LSFM to track the morphological
development of the human embryonic and fetal pancreas. Conventional immunostainings
indicated that pancreatic progenitors are immunoreactive for the transcription factors
SOX9, PDX1 and NKX6.1!%%, We performed triple staining that demonstrated similar
pancreatic expression patterns for all 3 markers in both conventional immunostaining
(Supplementary Fig. la) and 3D imaging (Supplementary Fig. 1b and Movie 1).
Therefore, during this developmental period PCW5-11), these 3 markers (SOX9, PDX1
and NKX6.1) can be interchangeably used to identify progenitors. SOX9 staining, in an
intact transparent PCW7 human embryo, allowed to precisely visualize the pancreas in
the upper left abdomen, highlighted in white (Fig. la, b, and Movie 2). We next
immunolabelled for SOX9 PCW5-11 pancreas, followed by clearing and LSFM. In the
mouse, the pancreas develops from two independent buds that will fuse later on?*?.
However, the timing of this process was poorly documented in human. At PCWS5, both

ventral and dorsal buds were detected (Fig. 1c, and Movie 3), whereas at PCW6 they had

fused and formed complete a single pancreatic primordium (Fig. 1d).

3D imaging in our PCW5-11 developmental series revealed an obvious increase in
pancreatic size (Fig. 1e). To quantify human pancreas growth, we measured their lengths
along the longitudinal axis and diameters across the dorso-ventral axis. Both length and
diameter increased across development from PCWS5-11 (n= 29 pancreases) (Fig. 1f, g).
The growth in both length and diameter showed a 6-fold increase from PCW5 to PCW11,
revealing a positive linear correlation between pancreatic size and age. The quantification
of the diameter to length ratio showed that it remained stable (Fig. 1h), indicating that

pancreas growth is homothetic during the first trimester of gestation.

INS™ cells arise around 5 PCW and are located in the center of the human developing

pancreas



3D imaging allows the precise spatial location of specific pancreatic cell populations. We
next asked when and where do the first INS* cells appear. Previous reports on human
fetal pancreases based on 2D immunohistochemistry detected the earliest INS™ cells
around PCW7'1:%6, Here, we were able to detect the presence of INS™ clusters as early as
PCWS5.7 (Fig. 2a). At this early stage, they were restricted to the dorsal bud and absent
from the ventral bud (Fig. 2a, and Movie 4), indicating that, as in the mouse?’, INS* cells
first appear in the dorsal pancreas in human. Recent studies by conventional 2D
immunostaining revealed the existence of INS™ cells in the human fetal gut between
PCW10-19%8. We could detect extra-pancreatic INS™ clusters far earlier between PCW6.3
and PCW10.6, in the fetal gut and also at the junction between the gut and the pancreas
(Fig. 2b-e, and Movie 5).

We next quantified the number of pancreatic INS™ clusters on 19 samples between
PCW5.4 and PCW11. We observed few INS™ clusters from PCW5.4 to 7.5 (9.25+5.65,
mean+SD, n=8), with a sharp increase at later stages (4,307+152.34, mean+SD, n=3 at
PCW11) (Fig. 2f, g). We also manually quantified using conventional immunostaining,
the number of INS™ cells per cluster in paraffin sections from 3 pancreases (180-240
sections per specimen) at PCW6. We found that the first INS™ clusters contain between 1

to 5 INS™ cells (Fig. 2h).

We next analyzed the location of these INS™ clusters and observed their preferential
location in the center of the pancreas, being almost absent from the periphery. INS*
clusters were aligned along the longitudinal axis of the pancreas, (Fig. 21, j, and Movie
6). We mapped in 3D the distribution of INS™ clusters to the centroid of the SOX9"
pancreatic epithelium in z-slices from 3D scans from 3 pancreases at PCW9. In all 3
pancreases, the vast majority of the INS” clusters were located closer to the center rather

than to the periphery (Fig. 2k).

Our data thus strongly suggest the existence of a niche in the center of the pancreas
promoting the differentiation of progenitors towards an INS™ cell fate. Given that
vascularization has been suggested as an important player in beta cell development in
mice’”’, we mapped vascular markers with regards to INS" cells in the human
embryonic/fetal pancreas. The general marker for mature vascular endothelial cells CD34
was expressed in a uniform network of vessels intermingled with SOX9" pancreatic

progenitors, without obvious differential distribution from center to peripheral domains



(Supplementary Fig. 2a). Noticeably, the whole extent of the developing pancreas was
devoid of the more specific arterial marker SMA at PCW9 (Supplementary Fig. 2b).

Finally, we compared pancreatic development between human and mice by LSFM (Fig.
3a, ¢). As expected, pancreatic length and diameter increased in mouse embryos between
E12 and E16 (Fig. 3d, e). However, the diameter/length ratio increased across
development (Fig. 3f), which is different from what we observed in human pancreatic
samples from PCW5-11. Likewise, the number of INS™ clusters increased in mice from

E10 to E16 (Fig. 3g, h).
Proliferating pancreatic progenitors are restricted to the periphery of the epithelium

Next, we sought to correlate human pancreatic differentiation dynamics with proliferation
kinetics across the first trimester. KI67/PDX1 double staining indicated that 20 to 30%
(n=3) of pancreatic progenitors (PDX1") are proliferating from PCW7-11 (Fig. 4a, b)
while differentiated INS™ cells proliferate at a far lower rate at a ratio around 1% from

PCW 9-11 (n=3) (Fig. 4c, d).

By selecting cell surface markers and using FACS, we had previously subdivided human
fetal pancreatic progenitors into a number of populations with ECAD"CD142"'SUSD2"
(pink) giving rise to ECAD'CDI142"SUSD2- (green) and finally to
ECAD"¥CDI142 SUSD2" (blue)*®*!. Here, we first reanalyzed our transcriptomic
datasets®!, asking whether proliferation markers change from one progenitor population
to the other. By using our previously validated list of pancreatic proliferation markers 32,
we observed a downregulation from population A to C, including canonical proliferation
genes such as KI/67, PCNA and CDK (Fig. 4e). This indicates that progenitors proliferate
at different rates in the human embryonic/fetal pancreas and proliferation decreases along
with endocrine differentiation. The next question concerned the spatial location of
proliferating progenitors. We took advantage from recurrent access to fresh pancreases
and used EAU —a thymidine analogue—, to label cells entering S-phase. Proliferating
pancreatic progenitors (PDX1"EdU") were found to be highly enriched at the periphery
of the pancreas, while their frequency in the center was extremely low (Fig. 4f). The
distribution pattern of pancreatic proliferating progenitors was mathematically analyzed
by computing the Ripley K function (K(r))* in 2D images at PCW7, 9 and 11. It showed
that PDX17KI67" progenitors are clustered together in aggregates, rather than randomly
distributed (Fig. 4g, h). We finally determined whether proliferating PDX1"KI67" cells



might represent acinar cells that express carboxypeptidase A1 (CPA1). We observed that
the human fetal pancreas is enriched in CPA1" cells in the periphery, rather than in the
center (Fig. 41), further supporting that the inner fetal pancreas is an endocrine niche. We
also found that the majority of these CPA1" cells lacked K167 expression. Overall, our
data further support the existence of a niche of proliferation for pancreatic progenitors in

the periphery of the human embryonic and fetal pancreas.

PDGFAA induces the proliferation of human pancreatic progenitors in vitro

We finally searched for signaling pathways that induce the proliferation of human
pancreatic progenitors. For this purpose, we cultured human fetal pancreases over a
floating filter disk in a gas-liquid interface for either 3 or 7 days. Under such conditions,
pancreatic progenitors were maintained up to 7 days keeping a similar proliferation ratio
(16.94+7.72 and 14.54+0.78 % of PDXI1" cells at day 3 and 7, mean+tSD, n=5-6 per
group) than in vivo (19.98+2.42, mean+SD, n=3 at PCW9) (Supplementary Fig. 3a).
Furthermore, the progenitors kept their multipotent phenotype during the full culture
period, as assessed by the expression of PDX1 and NKX6.1 (Supplementary Fig. 3b).
Gain- and loss-of-function experiments using either FGF10°* or the MEK1 inhibitor
PD98059%, respectively, did not alter the PDX1"KI67" ratio (data not shown). We next
switched to a culture medium that contains ALKS51, noggin and nicotinamide that showed
a reduction in the PDX1"/KI67" ratio to around 5% to be used to search for factors that
enhance progenitor proliferation. Our previous transcriptomic data®® indicated that
PDGFRA and PDGFRB are specifically expressed by human fetal pancreatic
mesenchyme but not in pancreatic epithelial cells (Fig. 5a) and we further confirmed such
data by immunostaining (Fig. 5b, ¢). We thus treated pancreatic explants with PDGFAA
for 7 days. The macroscopic architecture of the explants remained unaffected (Fig. 5d).
We observed a three-fold increase in the number of proliferating progenitors
(PDX1'KI67") (Fig. 5¢). We also observed changes in the microscopic tissue architecture
following PDGFAA treatment. While the lumen size increased in control explants during
the culture period, upon PDGFAA treatment, their size became more similar to that
observed in vivo (Fig. 5f, g). Overall, through the establishment of a culture model of
human fetal pancreases, we suggested that PDGF acts indirectly through mesenchymal

cells to induce progenitor cell proliferation.



Discussion

There is an urgent need to improve the development of stem cell-derived human beta
cells, to build novel therapies for the treatment of type 1 diabetes*®. Most of the current
protocols attempt to recapitulate beta cell neogenesis processes>’>°. However, the vast

majority of our knowledge on beta cell differentiation comes from studies on mouse

t3,40

pancreas developmen along with a limited human development comparisons.

Nevertheless, some significant differences have also been observed. For example, human

42-44

and mouse islets differ in terms of dynamics of endocrinogenesis****, shape*’, gene

4648 glucose transport and insulin secretion*>’. However, a detailed timeline

expression
and topographic description of human embryonic and fetal pancreatic cell proliferation
and differentiation remained to be established. Here, through the INSERM-funded

HUman DEvelopmental Cell Atlas consortium (https://hudeca.genouest.org/), we could

access a large collection of fresh pancreases between PCW5 and PCW11 allowing more
than 20 replicates in some experiments and thus deep analyses and quantifications of

human pancreatic development.

The majority of previous histological data on the developing mouse and human pancreas

has been generated using conventional 2D sections!®!!26-51

, an approach with some
limitations when searching for rare and isolated cell types®>. Recently, a 3D description
of the developing mouse pancreas was published”. It provided a comprehensive view of
the cellular composition and topological relationships of embryonic pancreatic cells at
different stages of development, with a focus on INS", GCG" and endothelial cells. Here,
we employed a similar pipeline to generate the first 3D atlas of the developing human
pancreas by in toto staining, tissue clearing and LSFM imaging. We focused on the first
trimester, at the time the first endocrine cells are generated'’. An interesting observation
is our detection of two pancreatic buds, ventral and dorsal, prior to their fusion. We also
detected the first INS™ cells in the dorsal pancreas, similar to what has been described in
mouse and zebrafish embryonic pancreases®’>*>. Here we could detect INS™ cells at
around PCW5, almost 2 weeks earlier than previously described!!. We also confirm the
existence of extra-pancreatic INS™ cells in the gut region adjacent to the pancreas®®, but
observed them much earlier than previously described. Moreover, we also found extra-

pancreatic INS* cells located in the duct draining the duodenum. Whether these INS™ cells

differentiate in situ or migrate from the pancreas is still unknown, as is their function.


https://hudeca.genouest.org/

Our data show that the earliest INS™ cells are either isolated or form very small clusters
(of about 4-5 cells), when in adult, islets contain hundreds of INS™ cells. Using K167 as a
surrogate for proliferation, we found that human embryonic and fetal INS™ cells exhibit a
low proliferation rate. This suggests that islet do not forms by proliferation in situ of
preexisting INS™ cells, consistent with our previous data using a reconstituted model of
transplantation of human embryonic pancreas into immune-incompetent mice®®.
Additionally, similar observations from mouse chimeras further support the polyclonal
origin of pancreatic islets’>®’. We thus postulate that in human mature islets form by the
aggregation of preexisting INS™ cells. The mechanisms regulating such process in the
human pancreas remains unknown. Mouse data suggest that endocrine cell differentiation
is followed by epithelial-mesenchymal transition, migration and aggregation®'. However,
in an alternative hypothesis, INS™ cells could differentiate from endocrine progenitors
located within a single epithelial cord while maintaining in contact with this structure,
forming a peninsula and next an islet®>. Thus, the dynamics of human islets

morphogenesis remain to be elucidated.

We raised questions regarding the earliest differentiation of INS™ cells and their location.
INS" cells were preferentially located in the center of the pancreas where they were tightly
aligned, while almost absent in the periphery, suggesting the existence of a highly specific
differentiation niche for endocrinogenesis in the inner part of the pancreas. The signals
that control this specific spatial pattern of differentiation remain unknown. Although
vascularization has been shown to play major roles in mouse beta cell development®*-¢3-64,
we did not observe a correlation between the location of INS™ cells and the vascular tree.
Whether the specific location of the first human INS™ cells in the human fetal pancreas is
influenced by nerves, an important player in beta cell physiology®, remains to be
explored. A reduced oxygen tension in the center of the pancreas versus the periphery,
could also promote central endocrinogenesis. However, we previously demonstrated that
beta cell differentiation was reduced under hypoxia and increased when oxygen tension
was elevated both in rat and mouse cultured fetal pancreases %7 Another hypothesis is
that the intra-pancreatic mesenchyme represents a niche for endocrinogenesis. However,
in rodents, the mesenchyme regulates the expansion of early pancreatic progenitors’-% 70,
but its depletion either in vitro or in vivo does not inhibit endocrine cell
differentiation’’"’2, In this context, we are currently testing the hypothesis that the

mesenchyme located in the inner and peripheral regions of the pancreas are different.
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Our K167 data indicate that the proliferation rate of INS™ cells is extremely limited during
the second part of the first trimester of gestation, and about 20 times lower than other
pancreatic progenitors. This demonstrates that the amplification pool for
endocrinogenesis is at the level of pancreatic progenitors and not INS™ cells. This is in
agreement with data obtained in mouse embryos where fetal pancreatic progenitors
proliferate far more efficiently than beta cells and their number is increased by signals
such as FGF7 and FGF10%*>%, Information remains scarce on signals that increase human
progenitor cell proliferation. We observed that in contrast with INS™ cells, progenitor
proliferation is restricted to the periphery of the pancreas. These findings suggest that
endocrine cell differentiation and progenitor proliferation are differentially regulated

processes during human pancreatic development.

Here we developed a culture system to study human progenitor cell proliferation, using a
strategy previously used in rat embryos®. Accordingly, we found that in human
embryonic pancreas cultures progenitors proliferate for at least 7 days at a similar ratio
than in vivo. By using this in vitro model, we demonstrate that PDGFAA, a molecule
produced in the fetal pancreas by epithelial’ and vascular smooth muscle cells’,
enhances the proliferation of pancreatic progenitors. Recently, PDGFRA mRNA was

74,75

found to be enriched in the pancreatic mesenchyme™’”, in agreement with our

transcriptomic data *°

DESCARTES Atlas (https://descartes.brotmanbaty.org/). We confirmed here that the

and with single cell transcriptomic data derived from the

expression PDGFR is restricted to the pancreatic mesenchyme, suggesting that PDGF
exerts an indirect influence on pancreatic progenitor cell proliferation by affecting

mesenchymal cells.

Altogether, we present here the first attempt to build a 3D atlas of the developing human
pancreas. Overall, this resource sheds light on when and where first INS* cells appear do,
as well as pancreatic proliferating progenitors. Furthermore, we also describe the
mitogenic effect of PDGFAA in the pancreatic epithelium. Our 3D imaging pipeline will
allow researchers to explore the developing anatomy of the pancreas in a spatial context,
and to visualize the relationships between different structures and cell types. Based on
histological and transcriptomic data’®, the human embryonic and fetal pancreas contains
six major cell types: epithelial, mesenchymal, endothelial, immune, neural and erythroid.
Within the epithelial compartment, we have focused on the spatial location of multipotent

progenitors, differentiated INS™ cells, and acinar CPA1" cells. Nevertheless, many other

11
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differentiated cells remain to be mapped across development. This information holds
great potential in enhancing our understanding of the underlying mechanisms driving
embryonic and fetal pancreatic development, and potentially this knowledge could further

improve the generation of stem cell derived beta cells.
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Material and methods
Human and mouse embryonic and fetal pancreatic tissues

Human embryonic and fetal pancreatic tissues (5-11 post-conceptional weeks, PCW)
were obtained through the INSERM Cross-Cutting Scientific Program HuDeCA from
surgical abortions in accordance with the French bioethics legislation and INSERM
guidelines (Ramond et al., 2017; Ramond et al., 2018). Donors written consent was
obtained, along with approval from Agence de Biomédecine, the competent authority in
France. Fetal ages are displayed as PCW, staged based on morphometric correction as
described before’™. All specimens were initially selected based on macroscopic
morphological criteria, excluding samples with obvious malformations. In cases where
visual determination of sex was not possible, PCR-based chromosome screening using
DNA from biopsies was performed as previously described?!. For labelling, a minimum
of 3 samples per age were employed in every experiment (Table 1 and 2), while for in

vitro experiments we employed a minimum of 5 pancreases per condition.

Mouse fetal pancreases were obtained from pregnant C57BL/6J mice purchased from the
Janvier Breeding Center (LeGenet, St Isle, France). Mice were killed by CO:
asphyxiation according to French Animal Care Committee guidelines and pancreases
from embryos at E10, E12 and E16 (at least 6 embryos per age) were dissected and fixed
as previously described (Huijbregts et al., 2019).

Conventional 2D immunohistochemistry

Human embryonic and fetal pancreases were fixed in formalin, embedded in paraffin and
sectioned (5 pum-thick) as previously described (Castaing et al., 2005; Ramond et al.,
2017). The following primary antibodies were used: mouse anti-insulin (1:1,000, 12018,
Sigma-Aldrich), goat anti-SOX9 (1:1,000, AF3075, R&D Systems), mouse anti-E-
Cadherin (1:200, 610182, BD Biosciences), mouse anti-NKX6.1 (1:1,000, F55A12,
DSHB), mouse anti-KI67 (1:100, 550609, BD Biosciences), rabbit anti-PDX1%?
(1:1,000), rabbit anti-PDGFRA (1:500, ab124392, Abcam), rabbit anti-PDGFRB (1:500,
ab32750, Abcam) and goat anti-CPA1 (1:400, AF2856, R&D Systems).

The secondary antibodies employed were: anti-rabbit Alexa Fluor 488 (1:400, A11034,
Life Technologies) and Alexa Fluor 555 (1:400, ab150062, Abcam); anti-mouse Alexa
Fluor 488 (1:400, ab150105, Abcam), Alexa Fluor 594 (1:400, 115 585 003, Jackson

13



ImmunoResearch), and Alexa Fluor 647 (ab150111); and anti-goat Alexa Fluor 488
(1:400, ab150129, Abcam). EdU revelation was performed using the Click EAU Alexa
555 imaging kit (Thermo Fisher Scientific). Nuclei were stained with Hoechst 33342 (0.3

mg/ml, Invitrogen).

We manually counted the number of INS™ cells per cluster in all the 5-pum thick sections
of 3 pancreases at 6 PCW (between 180 and 240 sections per specimen). The percentage
of PDX17/KI67" (at 7, 9 and 11PCW) and INS*/KI67" cells (at 9 and 11PCW) were
quantified on 6 sections per pancreas (3 pancreases per age). The spatial distribution of
PDX17/KI67" progenitors was performed by computing the Ripley K function (K(r)) to
determine the distribution of points in a 2D space®>. To do that, the PDX1*/KI67"
progenitors were mapped with X,y coordinates in 2D images at 7, 9 and 11 PCW ( a
minimum of n = 20 images per developmental stage), using FIJI*. Then, the Ripley K
function (K(r)) was computed for every image by implementing the R library spatstat for

spatial statistics as previously described®*.
3D immunostaining

Embryonic and fetal samples were fixed by immersion in formalin at 4°C for 1 to 5 days
depending on size. For tissue bleaching '°, fixed pancreases were dehydrated for 1hr at
room temperature (RT) in increasing concentrations of methanol (50%, 80%, 100%) in
1X PBS. Then, the samples were incubated overnight at 4°C in a 6% hydrogen peroxide
solution in 100% methanol, re-hydrated for 1hr at RT in increasing concentrations of
methanol (100%, 100%, 80%, 50%) and finally washed for 1 hour in 1X PBS.
Permeabilization and blocking were performed under rotation at 70 rpm at RT in PBSGT
(1X PBS, 0.2% gelatin (Prolabo), and 0.5% Triton X-100 (Sigma-Aldrich)) as previously

described ?'.

For whole-mount immunostaining, samples were incubated with the primary antibodies
in a solution of PBSGT containing 0.1% saponin during 14 days at 37°C under rotation
at 70 rpm. The primary antibodies employed were: goat anti-SOX9 (1:5,000, AF3075,
R&D Systems), guinea pig anti-insulin (1:5,000, A0564, Dako), rabbit anti-SMA
(1:1,000, ab5694, Abcam), mouse anti-CD34 (1:5,000, ab8536, Abcam), rabbit anti-TH
(1:1,000, ab137869, Abcam), rabbit anti-PDX1%? (1:1,000,), and mouse anti-NKX6.1
(1:1,000, F55A12, DSHB). Then, tissues were incubated with the secondary antibodies
in a solution of PBSGT (0.1% saponin (10mg/mL)), during 4 days at 37°C under rotation

14



at 70 rpm. The secondary antibodies were: anti-guinea pig Alexa Fluor 488 (1:500, A-
11073, Thermo Fisher Scientific), donkey anti-mouse Alexa Fluor 555 (1:500, ab150110,
Abcam), donkey anti-rabbit 647 (1:500, ab150063, Abcam), donkey anti-rabbit 790
(1:250, ab186693, Abcam), and donkey anti-goat Alexa Fluor 790 (1:250, 705-655-147,
Jackson Immuno). Next, samples were washed for 30 minutes in PBSGT at RT,
embedded in 1.5% agarose (Roth) prepared in TAE 1X (Invitrogen)'®!” and stored at 4°C

until tissue clearing.

In order to achieve tissue transparency, the samples were cleared using a modification
from the iDISCO+ protocol?>. Fetal pancreases were dehydrated in growing
concentrations of methanol (20%, 40%, 60%, 80%, 100%, 100%, 1 hr each) at RT under
rotation (14 rpm), next incubated overnight in a solution of 2/3 of DCM
(dichloromethane) and 1/3 of methanol, next for 30 min in 100% DCM, and finally
transferred to DBE (dibenzyl ether) for further storage and imaging.

3D imaging and processing

Acquisition was performed with Miltenyi Biotec Ultramicroscope Blaze (sCMOS camera
5.5MP) and Imspector Pro 7.3.2 acquisition software. Laser light sheets are generated at
excitation wavelengths of 488, 561, 640, and 785nm. 4X magnification (MI Plan 4x
NAO.35) and 12X magnification (MI Plan NA0.53) objective lenses were used. The Z
step size between each image is 3 um. All the images were generated as tiff files,
converted to Imaris files (.ims) by Imaris File Converter (v9.8, Bitplane), and visualized

with Imaris (v9.8, Bitplane).

The 3D images, virtual slices, and movies were generated using Imaris x64 software
(version 9.9.0, Bitplane). The acquired stack images were converted to imaris file images
(.ims) using ImarisFileConverter software and the 3D images were reconstructed
performed using the ‘‘volume rendering’’ function. To isolate a specific region of the
tissue, the surface tool was used to manually segment. The 3D images, virtual slices and
movies were generated using the ‘‘snapshot’ and ‘animation’” tools. To locate the
pancreas in full intact PCW7 human embryo, the SOX9" pancreatic area was delimited

in consecutive slices.

Human and mouse pancreatic lengths and diameters were measured with the distance tool
in virtual slices. The measurements of the SOX9" and INS" cluster volume and density

were performed following the automatic segmentation tool. The distribution of human
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INS* clusters was measured in 3 virtual slices from 3 different pancreases. First, the
pancreatic epithelium was manually outlined and the centroid (its center of mass) was
determined for each slice. Then, the distance from every INS" cluster was measured to

the centroid. %3.
Tissue culture

Human fetal pancreases were cultured for a maximum of 7 days at an air-complete
medium interface in Petri dishes on 0.45um filters (Millipore) as previously described
(Attali et al., 2007; Huijbregts et al., 2019). Explants were cultured in G10 medium
consisting of RPMI 1640 + glutaMax, 10% Fetal Bovine Serum (FBS), 1%
Penicillin/Streptomycin, 1% Hepes and 1% non-essential amino-acids (61870036,
ThermoFisher Scientific). Medium was replaced every 2 days. For EdU incorporation
assays, pancreases were treated with 5 uM EdU for 4h, the reaction was stopped by
washing out the tissue with G10 medium and immediate fixation. For experiments with
PDGFAA, explants were cultured in DMEM/F12 medium (31331, ThermoFisher
Scientific) containing ALKSi (10mM, 221234, Chem Cruz), noggin (500mg/mL, 120-
10C, Peprotech) and nicotinamide (2.5M, 481907, Sigma). Explants were treated with
PDGFAA (200ng/mL, PHGO0035, Sigma) for 7 days, replacing the medium every 2 days.
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Figure legends

Fig 1. Human embryonic and fetal pancreases display isometric growth from PCW5

to 11.

LSFM images of embryonic and fetal pancreases (a-¢) immunostained for SOX9 or SOX9
and TH (a, a’, b). a-a’ Frontal and lateral 3D views of a PCW7 human embryo revealing
the anatomical location of the human pancreas (magenta). SOX9 is expressed in the
cartilage and various organs including the pancreas. b Sagittal section of a PCW7 human
embryo locating the pancreas and adjacent tissues. ¢, d At PCW5.7, SOX9 staining labels
both ventral and dorsal buds, that have fused at PCW6.4. e Tridimensional SOX9
immunostaining (white) in whole mount pancreases dissected from human embryos and
fetuses between PCWS5 and 11. Dashed red line depicts the diameter of the organ. f
Determination of the length, g the diameter, and h the diameter to length ratio of the
pancreases from PCW PCW5-11.

Scale bar: 2mm (a, a’), 500um (b, e), 200pum, (c and d).

Abbreviations: R, right; L, left; V, ventral; D, dorsal; Panc, pancreas.

Fig 2. Spatial and time determination of INS™ cell location in the pancreatic

primordium.

LSFM images of embryonic and fetal pancreases (a-e, i, j) immunostained for SOX9
(green) and insulin (white). a At PCWS5.7, a few clusters of insulin-immunoreactive
(INS™) cells are found at the center of the dorsal bud (Db). b Representative image of
extra-pancreatic INS™ cells that were detected in a gut region adjacent to the head of the
pancreas (PCW 7.4) (n=4 pancreases). c-d Magnification of panel B, showing the gut
region next to the pancreas containing INS™ clusters. The dashed line depicts the region
of the 2D section shown in the panel (E). e Section showing the location of INS™ clusters
(white) within the gut region next to the pancreas (SOX9 outlined in green). f
Determination of the number of INS™ clusters from PCW5-11. g Determination of INS*
cluster density (volume of INS™ clusters / volume SOX9" epithelium) from PCW5-11. h

Quantification of the number of INS™ cell per cluster at PCW6, full sectioned and stained
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to include all the INS™ clusters (n=3). i At PCW9, INS" clusters are aligned to the center
of the pancreas as shown in 3D. The dashed line represents a sagittal section. j Transversal
view of panel 1. k Histogram showing the distribution of the INS clusters across the
pancreatic epithelium in 2D sections from three PCW8 specimens (Sample A, B, and C).

The x axis represents the distance of the INS™ clusters to the center of the pancreas.
Scale bar: 250pum (a), 300um (b), 150 um (c and d), and 200um (e, i and j).

Abbreviations: Db: Dorsal bud; Vb: Ventral bud; R, right; L, left; V, ventral; D, dorsal;

Panc, pancreas.

Fig 3. 3D analysis of pancreatic growth and beta cell development in mice. a-c
Growth of the mouse fetal pancreas from E10 to E16. SOX9 in green and INS in white
(n=4). White arrow depicts the pancreatic primordium. d-g Length (right-left axis),
diameter (ventral-dorsal axis), diameter to length ratio measurements and INS™ clusters
number in 3D images of murine fetal pancreases at E10, E12 and E16. *P value < 0.05,
Mann-Whitney test (n=4). h Table matching the developmental stages of mouse and

human embryonic and fetal pancreases.
Scale bar: 500pum (a-c).

Abbreviations: R, right; L, left; V, ventral; D, dorsal; T: Top; B: Bottom.

Fig 4. Proliferation of human embryonic and fetal pancreatic cells. a-b
Representative staining for PDX1 (green) and KI67 (red) on sections of human fetal
pancreas at PCW9 and quantification of the frequency of PDX17/Ki67" at PCW7, 9 and
11 (n=3). c-d Representative staining for INS (green) and K167 (red) on sections of human
fetal pancreas at PCW9 and quantification of the frequency of INS*/Ki67" at PCW7, 9
and 11. Inset reveals a single INS'KI67" cell. e Heatmap showing the expression of cell
cycle-related genes in 3 successive populations of pancreatic progenitors:
ECAD'CD142"(pink); ECAD*CD142 (green); ECADlowCD142°SUSD2" (blue). f

Proliferating pancreatic progenitors (PDX1"/EdU") across the pancreatic epithelium.
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PDX1 in green, EdU in red and E-CADH in white (n=6). g Computation of the Ripley K
function (K(r)) to determine the distribution pattern of PDX1"KI67" progenitors in 2D
images at PCW7, 9 and 11. Red lines represent the random distribution while each black
line represent the quantification of the Ripley K Function (K(r)) for PDX1'KI67"
progenitors in a single 2D image. h Expected output of the Ripley K function (K(r))
computed for three different types of spatial distribution: random, aggregate and regular.
i Determination of the cell identity of peripheral pancreatic cells. CPA1 in green and K167

in red in a human fetal pancreas at PCW11.

Scale bar: 100pm (a and ¢), 500pm (f), 1 mm (i).

Fig 5. Effect of PDGFAA in explants of human embryonic and fetal pancreases. a
Heatmap showing the expression of PDGFRA and PDGFRB in the mesenchymal and
epithelial fraction of human fetal pancreases. Epithelial (EPCAM) and mesenchymal
markers (CD248) are used as positive controls for each population. b-¢ Expression pattern
of PDGFRA and PDGFRB (green) in a human fetal pancreas at PCW10, ECADH is in
red. d Macroscopic integrity of the tissue at day 7 in control or treated samples. e
Determination of the proliferation ratio for pancreatic progenitors at day 7 treated or not
with PDFGAA (n=6). Mean + SD. f-g Representative images of control and treated
(PDGFAA) samples at day 7 stained with PDX1 (green) and KI67 (red).

Scale bar: 150pum (b, ¢, g and f), Imm (d).

Movie 1, related to Supplementary Figure 1. Expression pattern of SOX9, PDX1 and
NKX6.1 in the human fetal pancreatic epithelium. Staining of SOX9 (cyan), PDX1
(magenta) and NKX6.1 (yellow) in the human pancreatic epithelium at PCWS8.
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Movie 2, related to Figure 1. Anatomical location of the pancreas in the human
embryo. Human specimen at PCW7 stained with SOX9 and TH in white. The pancreas
is highlighted in magenta.

Movie 3, related to Figure 1. Detection of ventral and dorsal buds with light-sheet

fluorescence microscopy in human embryonic pancreas at PCW5.7. SOX9 in white.

Movie 4, related to Figure 2. Temporal location of the first INS* cells in the human

embryonic pancreas. Pancreas at PCW5.7 stained with SOX9 in green and INS in white.

Movie 5, related to Figure 2. Detection of extra-pancreatic INS* cells in the human
embryonic gut with light-sheet fluorescence microscopy. Pancreas at PCW7.4 stained

with SOXO9 in green and INS in white.

Movie 6, related to Figure 2. Spatial location of INS* clusters in the human fetal

pancreas. Pancreas at PCWS stained with SOX9 in green and INS in white.
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Tables

Table 1. Human embryonic and fetal pancreases grouped by age employed in 3D
immunostainings. A total of 29 human fetal tissues from PCW5-11 were used for the

experiments of 3D immunostaining, with a minimum of 3 samples per age.

AGE (PCW) | SAMPLE SIZE
5-59 4
6-6.9
7-179
8-8.9
9-9.9

10-10.9
11-11.9
TOTAL 9

W| Wl O W| | &

Table 2. Human embryonic and fetal pancreases represented in each figure and

panel. Each specimen appearing in all the figures is labeled and records the sex

information.
Figure Panel S:E::‘T::‘ Sex Staining
1 A-B Ac713 Male SOX9/TH
1 C EH3912 Male SOX9
1 D EH3333 Male SOX9
1 E EH3912 (PCWS5) Male SOX9
1 E EH3374 (PCW6) Male SOX9
1 E | EH3674 (PCW?7) Male SOX9
1 E EH3079 (PCW8) Male SOX9
1 E EH3984 (PCW9) Female SOX9
1 E EH3950 (PCW10 Male SOX9
1 E EH3084 (PCW11) Male SOX9
2 A EH3912 Male SOX9/INS
2 B-E EH3363 Female SOX9/INS
2 I-J EH4201 Male SOX9/INS
4 A EH3522 Female PDX1/KlI67
4 C EH3522 Female PDX1/INS
4 F EH4150 Female PDX1/ECADH/EDU
4 I EH4015 Female CPA1/KI67
5 B-C EH3630 Female |PDGFRA/PDGFRB/ECADH

29



5 F EH4342 Male PDX1/KI67

5 G EH4360 Female PDX1/KI167
Supp. 1 A EH4091 Male SOX9/PDX1/NKX6.1
Supp. 1 B EH3524 Male SOX9/PDX1/NKX6.1
Supp. 2 A EH3155 Male SOX/INS/CD34
Supp. 2 B EH3877 Male SOX/INS/SMA
Supp. 3 A EH4255 Female PDX1/KI67
Supp. 3 B EH4300 Male PDX1/NKX6.1
Movie 1 EH4089 Female SOX9/PDX1/NKX6.1
Movie 2 AC713 Male SOX9/TH
Movie 3 EH3912 Male SOX9
Movie 4 EH3912 Male SOX/INS
Movie 5 EH3363 Female SOX/INS
Movie 6 EH3674 Male SOX/INS
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