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ABSTRACT: Regenerating human islet organoids from stem cells remains a significant
challenge because of our limited knowledge on cues essential for developing the endocrine 5%
organoids in vitro. In this study, we discovered that a natural material prepared from a
decellularized rat pancreatic extracellular matrix (dpECM) induces the self-assembly of
human islet organoids during induced pluripotent stem cell (iPSC) pancreatic
differentiation. For the first time, we demonstrated that the iPSC-derived islet organoids
formed in the presence of the dpECM are capable of glucose-responsive secretion of both
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insulin and glucagon, two major hormones that maintain blood glucose homeostasis. The

characterization of the organoids revealed that the organoids consisted of all major

endocrine cell types, including a, 3, 6, and pancreatic polypeptide cells, that were assembled into a tissue architecture similar to that
of human islets. The exposure of iPSCs to the dpECM during differentiation resulted in considerably elevated expression of key
pancreatic transcription factors such as PDX-1, MAFA, and NKX6.1 and the production of all major hormones, including insulin,
glucagon, somatostatin, and pancreatic polypeptide from stem cell-derived organoids. This study highlights the importance of
natural, bioactive biomaterials for building microenvironments crucial to regenerating islet organoids from stem cells.

KEYWORDS: detergent-free decellularization, pancreatic extracellular matrix, human induced pluripotent stem cells, islet organoids,

glucagon, insulin

B INTRODUCTION

Diabetes is projected to be one of the leading causes of death
by 2030. In patients with type 1 diabetes (T1D), the islets of
Langerhans not only fail to produce the hormone insulin due
to autoimmune destruction of f cells but also secrete the
counter regulatory hormone glucagon (GCG) from islet a cells
at inappropriate levels." A number of studies have revealed that
an abnormal level of GCG secretion from a cells in T1D
patients' leads to exacerbation of hyperglycemia due to
hyperglucagonemia and failed counter-regulation of insulin
secretion.” Moreover, the imbalance between insulin and GCG
production by B and a cells plays a crucial role in the
development of type 2 diabetes (T2D).? The dysfunction of &
cells in the islets is one of the major causes that leads to
excessive hepatic glucose production and insulin resistance in
T2D patients.” Indeed, the heterotypic interactions between
human a and g cells is paramount in regulating glucose
homeostasis by the islets.’"® It is found that the long-term
complications associated with T1D are due to the inability of
injected insulin to recapitulate the facile regulation of glucose
homeostasis in the same manner as endogenous islet cells.
Furthermore, somatostatin (SST) secreted from & cells is also
crucial to balance hormone levels and prevent overproduction
of certain hormones.” Pancreatic polypeptide secreted from
pancreatic polypeptide (PP) cells is found to be correlated to
SST levels in response to eating and fasting."® Although human
islet transplantation would likely be a promising treatment, the
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limited availability of cadaveric donors makes this imprac-
tical.'' ™" Hence, it is highly desired to generate islets that are
composed of four different types of endocrine cells, including
a, p, 6, and PP cells. This necessity becomes more profound
when human islets are needed for drug screening and diabetes
pathophysiological study.

Human pluripotent stem cells (hPSCs), which include
induced pluripotent stem cells (iPSCs), are promising cell
sources for generating pancreatic islets. Although extensive
efforts have led to the generation of glucose-responsive,
insulin-secreting f cells over the past years,'”'*™*' the
production of islet organoids has had limited success.
For instance, the cytostructure and cellular composition of
these cell clusters are distinct from adult islets.”>*°
Particularly, islet PP cells were not detected from these islet
clusters.">**™** The islet clusters generated from human
umbilical cord mesenchymal stem cells appear to lack 6 and
PP cells entirely.”” However, it is recognized that paracrine
regulation by the various islet hormones is essential for
maintaining physiological blood glucose regulation, which is
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principally mediated through insulin actions on storage, GCG
on release, and SST on insulin and GCG secretion.
Accordingly, the composition and association of islet cells is
expected to have a profound effect on islet function. It is,
therefore, of critical importance to develop an approach to
guide the self-assembly of endocrine cells to assemble into an
architecture that resembles the tissue structure of adult islets
from iPSCs.

The development of interspecies pancreata has also been
attempted. Yamaguchi et al. have demonstrated that mouse
pancreas can be grown in and harvested from a rat host.”” The
transplantation of interspecies pancreas in mice reverses
diabetes; however, the application of this technology in
humans remains challenging. Recently, we have demonstrated
that the human islet organoids, consisting all endocrine cells
can be generated from hPSCs in a collagen-based scaffold or
under type V collagen signaling.'””' The cytostructural
analysis of these organoids revealed an architecture typical of
human adult islets. Both f cells and non-f cells were mixed
randomly to form organoids that secrete insulin in response to
glucose challenges. Nevertheless, cues that permit islet
organoid development is incomplete. In this study, we aimed
to create microenvironments from natural, biological materials
for islet development in vitro. We developed a detergent-free
decellularization approach to obtain decellularized rat pancre-
atic extracellular matrix (dpECM) substrates. Using the
resultant dpECM substrates as a supplementary tissue specific
microenvironment through surface coating, we discovered for
the first time that the exposure of hPSCs to dJpECM substrates
permits the self-organization of islet-like organoids during
pancreatic differentiation. These self-assembled organoids
consist of a, B, 5, and PP cells, secreting both glucose-
regulated insulin and GCG. These findings provide the first
evidence of the pancreatic ECM’s role in promoting the
development of human islet organoids in vitro.

B MATERIALS AND METHODS

dpECM Preparation. Rat pancreata were obtained from the
Laboratory of Animal Resources at Binghamton University. Male and
female Sprague Dawley rats (Charles River) 2 to 12 weeks old were
euthanized by CO, asphyxiation according to the American
Veterinary Medical Association guidelines. Pancreata were isolated,
rinsed with cold PBS, and stored at —80 °C until use. The frozen
pancreata were cut into 1.5 mm sections using a deli-style slicer
(Chef’s choice 632, EdgeCraft Corporation). The slices were rinsed
with deionized water (diH,O) five times on a tube rotator (Boekel
Industries, Inc.) with a speed of 20 rpm at 4 °C. The tissues were then
divided into the following groups for decellularization. (1) DBI:
samples were washed with 1% Triton X-100 (Thermo Fisher
Scientific) solution six times, and the solution was changed every
16 h. (2) DB2: samples were washed with 0.5% sodium dodecyl
sulfate (SDS) (VWR International, LLC) five times and 1% Triton X-
100 solution once. Solutions were changed every 16 h. (3) DF1:
samples were washed with diH,O six times, and water was changed
every 16 h. (4) DF2: samples were processed in four cycles with 10%
NaCl/diH,0 washes, that is, gently shaken in 100 g/L sodium
chloride solution at 4 °C for 12 h, then shaken in diH,O for another
12 h at 4 °C. (5) Samples were processed in four cycles with 10%
NaCl + 0.1% NH,OH/diH,O washes. All decellularization
procedures were aseptically performed at 4 °C with gentle shaking.
After decellularization, the materials were extensively rinsed with
diH,O by shaking at 4 °C for 12 h. The decellularized tissues were
lyophilized and comminuted using a Wiley Mini-Mill (Thomas
Scientific). To solubilize the dpECM powder, 100 mg of lyophilized
dpECM powder was digested by 10 mg of pepsin (Sigma) in $ mL of
0.02 N acetic acid with continuous stirring at room temperature for

48 h, after which the ECM powder was dissolved with minor or no
insoluble fraction. The resultant dJpECM solution was aliquoted and
stored at —80 °C until use. Cytotoxicity of the dpECM was
determined using a viability/cytotoxicity kit (Life Technologies) and
evaluated under a Nikon Eclipse Ti motorized phase contrast inverted
fluorescence microscope.

dpECM Characterization. Decellularized samples were fixed with
4% formaldehyde overnight and cryoprotected with 30% sucrose for
24 h, then embedded in optimal cutting temperature (OCT) for cryo-
sectioning. Samples were cut into 10 pm thick sections and
hematoxylin and eosin staining (H&E staining) was performed to
determine the histological morphology of the dpECM. For scanning
electron microscopy (SEM) imaging, Petri dishes coated with either
growth factor reduced Matrigel (Corning Life Science, refer to
Matrigel thereafter), dpECM, or Matrigel and dpECM mixture were
fixed with 2.5% glutaraldehyde in 0.1 M PBS (pH 7.4) for 60 min.
The samples were rinsed with PBS followed by dehydrating with
gradient series of alcohol for 15 min each. Additionally, samples were
critical point dried and carbon coated using a Cressington 208C
coater (Cressington Scientific Instruments) to a thickness of >10 nm.
Electron microscope images were taken using a Zeiss Supra S55-VP
scanning electron microscope using an accelerating voltage of S kV.
Total deoxyribonucleic acid (DNA) was extracted from a lyophilized
dpECM using a DNeasy kit (QIAGEN) and quantified using a
Synergy H1 Microplate Reader (BioTek). Proteomics analysis was
performed as described in our previous study.®' In brief, the dJpECM
and growth factor-reduced Matrigel were analyzed by liquid
chromatography—tandem mass spectrometry (LC—MS/MS) and
label-free quantitation by Bioproximity, LLC. Spectra were searched
using X!Tandem and OMSSA. Protein identifications were accepted if
they were assigned at least two unique validated peptides and had a
protein probability of at least 99%.

Islet Organoid Development. Human iPSC line IMR90 and
hESC line H9 (WiCell Research Institute) were maintained in
mTeSR1 medium (StemCell Technologies), as described in our
previous work.>>*® For islet organoid development, cells were
dissociated with Accutase (StemCell Technologies) and seeded (1
X 10° cells/well) onto Matrigel (M)- or Matrigel+dpECM (M+d)-
coated 6-well plates and cultured in mTeSRI medium. The ratios of
M to d in the mixed M+d solution were 4:1 or 2:1 (w/w). For M+d
coating, M was diluted to a concentration of 80 yg/mL in DMEM/
F12 (HyClone) with 20 ug/mL dpECM (4:1) or 40 pug/mL dpECM
(2:1). The mixture was added into culture plates and incubated at 37
°C for 1 h before cell seeding. Stepwise differentiation protocols as
dictated in Figures 3A and 4A were developed based on our previous
study to differentiate iPSCs and hESCs into islet organoids.'>*" At
Stage 1 (S1) (Figure 3A): cells were differentiated in RPMI 1640
(Corning Life Science) supplemented with serum-free B27 (Gibco),
50 ng/mL activin A (PeproTech), and 1 mM sodium butyrate (NaB,
Sigma-Aldrich) for 24 h. The NaB was reduced into 0.5 mM from day
2 to day 4. Media at Stage 2 (S2) consisted of RPMI 1640, B27, 250
UM ascorbic acid (Vc, Sigma-Aldrich), 50 ng/mL keratinocyte growth
factor (KGF, PeproTech), 50 ng/mL Noggin (PeproTech), 1 uM
retinoic acid (RA, Sigma-Aldrich), 300 nM (—)-indolactam V (ILV,
AdipoGen), and 100 nM LDN193189 (LDN, Sigma-Aldrich). At
Stage 3 (S3), cells were cultured in DMEM/F12 (HyClone)
containing B27, 1 uM RA, 200 nM LDN, 300 nM ILV, 1 uM
3,3’,S-triiodo-L-thyronine sodium salt (T3, Sigma-Aldrich), 10 yuM
ALKS inhibitor II (ALKi, Enzo Life Sciences), 10 yg/mL heparin
(HP, Sigma-Aldrich), and supplemented glucose to a final
concentration of 20 mM. At Stage 4 (S4), the differentiation media
contained RPMI 1640, B27, 1 uM T3, 10 uM ALKi, 1 mM N-acetyl
cysteine (N-Cys, Sigma-Aldrich), 0.5 uM R428 (SelleckChem), 10
uM trolox (Enzo Life Sciences), 100 nM y-secretase inhibitor XX
(SixX, Millipore), 10 uM zinc sulfate (Sigma-Aldrich), 10 mM
nicotinamide (Nic, Sigma-Aldrich), 10 pg/mL HP, and 20 mM
glucose. At Stage S (SS) culture (Figure 4A), the medium was
replaced with CMRL supplement containing 2% fetal bovine serum
(ATCC), 1 uM T3, 10 uM ALKij, 0.5 uM R428, 100 nM SiXX, and
10 mM Nic for 7 days. All differentiation media were exchanged every
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2 days. For aggregate culture, differentiated cells at the end of S3 were
dissociated with Dispase (StemCell Technologies), followed by
culturing in the S4 differentiation medium for 7 days and the SS
differentiation medium for another 7 days in 24-well ultralow
attachment plates (Corning Life Science) without the presence of
M or M+d.

TagMan Quantitative Real-Time PCR. For quantitative real-
time PCR (qRT-PCR), total ribonucleic acid (RNA) was extracted
using an RNeasy mini kit (QIAGEN) and subjected to a CFX
Connect RT-PCR system (Bio-Rad) as described previously in our
work.*>** Non-reversely transcribed RNA samples served as negative
controls. Primers and probes used are listed in Table S1-Sn. Data were
normalized to an internal gene (cyclophilin A) as a fold change
relative to undifferentiated cells maintained on Matrigel substrates.
Human pancreatic RNA (Clontech) and human islet RNA were used
as positive controls.

Immunofluorescence Microscopy. Immunofluorescence mi-
croscopy was carried out as described in our earlier work.>"**
Primary and secondary antibodies used are shown in Table S2-Sn.
Images were captured using a Zeiss 880 multiphoton confocal laser
scanning microscope. For cryosectioning, differentiated aggregates
were collected and fixed using 4% paraformaldehyde on ice for 1 h,
followed by an additional incubation in 30% sucrose solution (w/v)
overnight at 4 °C, after which the samples were embedded in OCT
solution (Thermo Fisher Scientific) and sectioned at 7 ym thickness.
The sections were then permeabilized and blocked with Foxp3/
transcription factor fixation/permeabilization solution (Thermo
Fisher Scientific), followed by antibody staining. The sections were
counterstained with Vectashield mounting medium containing 4,6-
diamidino-2-phenylindole (DAPI). Images were captured using a
Zeiss 880 multiphoton laser scanning microscope. To measure
immunolabeled endocrine cells (>3000 cells) under each treatment,
fluorescent images of aggregates (n = 18—38) were quantified by
ImageJ (V1.50b) using a programmed macro. The contrast threshold
was set between 80 and 255 and individual cells were separated by
automatic watershed function. Cell number was counted with particle
size larger than 200.

Glucose Stimulated Insulin Secretion. To measure glucose
stimulated insulin secretion (GSIS), serum-free differentiation media
were applied for stepwise differentiation. The 2% fetal bovine serum
was replaced with 2% BSA in the differentiation medium of Stage 5 to
rule out any potential interference from the serum. The hPSC-derived
organoids were washed twice with PBS, followed by incubation in
Krebs—Ringer buffer (KRB, Boston BioProducts) for 4 h. The
organoids were separately incubated with KRB containing 2 or 20
mM D-GLUCOSE at 37 °C for 30 min. The respective supernatants were
collected and subjected to a human insulin enzyme-link immuno-
sorbent assay (ELISA) kit (Mercodia Inc.). Total DNA content from
each sample was determined by a DNeasy Blood and Tissue Kit
(QIAGEN) and Synergy H1 Microplate Reader (BioTek). Human
islets purchased from Prodo Laboratories Inc. were used as positive
controls.

Glucose-Regulated GCG Secretion. For glucose-stimulated
GCG secretion (GSGS) test, the organoids cultured in SS medium
containing 10 #M H-1152 (Enzo Life Sciences) and 20 mM glucose
for 7 days were washed twice with KRB containing 20 mM glucose
and then incubated in 20 mM glucose containing KRB at 37 °C for 4
h. Then, the organoids were separately incubated with KRB
containing 2 or 20 mM d-glucoseat 37 °C for 30 min. The respective
supernatants were collected and subjected to a human GCG
chemiluminescent ELISA kit (Millipore). Human islets purchased
from Prodo Laboratories Inc. were used as positive controls.

Statistical Analysis. Data are presented as means + standard
deviation (SD) of at least three times of independent experiments.
Statistical analysis was performed using one-way ANOVA with
Tukey’s post hoc test. Two-tail unpaired Student’s t-test was
performed for comparison between two groups. The difference was
considered significant with p values < 0.0S.

B RESULTS

Preparation of the dpECM. A number of methods were
developed in the last two decades for preparing decellularized
ECM from human and animal tissue samples. Most of these
protocols require the use of detergents harsh to the
preservation of valuable proteins such as growth factors and
cytokines in decellularized ECM.”™*" Moreover, optimized
protocol for pancreatic tissue in particular is lacking. To
circumvent the detrimental effects of detergents, we developed
three detergent-free (DF) methods and compared them
against two previously reported detergent-based (DB)
methods,”®*” as shown in Figure 1A. Although all protocols

A 1day 4 days 1day

oo 2. [T I KD
|

DF 1: | |
or2: [ETE) EXDITO EID T EID D ED D D
or 3: [CIE) [N I IR ) I 0 B D) (£

B

N A @ ® 2
S 8 8 o 9o
S & & & @9
S © © o o

DNA Content
(ng/mg dry weight)

rPAN DB1 DB2 DF1 DF2 DF3

Figure 1. Optimization of decellularization procedures for pancreatic
tissue. (A) Overview of a variety of decellularization strategies. Two
DB and three DF methods were examined. (B) Residual DNA
content of pancreatic tissue treated by different decellularization
protocols. DNAs were extracted from lyophilized samples and
normalized to the weight of each sample. Lyophilized rat pancreas
(rPAN) without decellularization was used as a control. Data are
presented as mean + SD (n = 3). Different letters (a—d) above the
bars represent that the bars are significantly different from each other.

showed a reduction of cellular DNA compared to the native
tissue, the differences between these individual protocols were
remarkable (Figure 1B). Hypertonic saline-treated groups
(Figure 1B, DF2 and DF3) showed the least residual DNA,
whereas the addition of ammonium hydroxide in the saline
solution (Figure 1B, DF3) further reduced DNA content to an
almost undetectable level (60 + SO ng/mg dry weight). The
results are in a similar range as found in a previous study of
murine pancreas, which showed 41 + 12 ng/mg dry weight in
decellularized pancreas.®”

As our goal is to use dpECM as a signaling substrate for
surface coating of culture plates in addition to the growth
factor-reduced Matrigel, the DF3 method was chosen to
prepare dpECM for further experimentation. Pancreatic tissue
samples turned into a translucent white color with decreased
volume after decellularization (Figure 2A,B). We performed
H&E staining to show both nuclei and the ECM fiber structure
(Figure 2C,D). We did not detect any intact nuclei by
hematoxylin staining after decellularization; only matrix
proteins were detected by eosin staining, showing a pink
color in H&E staining (Figure 2D). The detection of residual
DNA content in the dJpECM suggested a complete removal of
cells from the tissue (Figure 2E). 99% DNA in the dpECM was
successfully removed from the tissue (Figure 2F). A
homogeneous and translucent dJpECM solution was obtained
by solubilizing the dpECM in acetic acid in the presence of
pepsin (Figure 2G). The ultrastructure of solubilized dJpECM
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Figure 2. Preparation of dpECM substrate and its characterization. Micrographs of rat pancreatic tissues (A) before and (B) after decellularization.
Scale bars, 1 cm. (C,D) H&E staining of rat pancreatic tissues (C) before and (D) after decellularization. Scale bars, 200 pm. (E) Gel
electrophoresis of DNAs extracted from two dpECM replicates. Equal amounts of native rat pancreatic tissues were served as a control (rPan). (F)
DNA content (mean + SD) detected in dpECM as compared to that in pancreatic tissues before decellularization (n > 3). *p < 0.05. (G)
Reconstituted dpECM. (H) SEM images of Matrigel (M)-, dpECM-, or mixture of Matrigel and dpECM (2:1 (w/w)) (M+d)-coated surfaces.
Scale bars, 1 ym. (I) Live/dead cell dual-color staining of iPSCs cultured on either Matrigel (M)-coated or a mixture of Matrigel and dpECM (M
+d) substrate-coated plates at various ratios for 24 h after seeding. Scale bars, 200 ym.

as a coating material was analyzed by SEM. In contrast to the
smooth surface after Matrigel coating (referred to “M”),
dpECM coating showed a complete deposition of grooves,
ridges, and fibrillar meshwork (Figure 2H), whereas Matrigel
mixed with the dpECM (referred to “M+d”) showed a uniform
layer with certain fibrillar structures.

Upon the preparation of the dpECM, we interrogated
whether iPSCs can attach to and proliferate on dpECM
substrates. Although no iPSCs could attach to the dpECM
substrates (data not shown), iPSCs attached to and
proliferated on M+d mixed substrates (Figure 2I). Proteomics
analysis confirmed the shortage of adhesion molecules, such as
laminin and vitronectin in dpECM for hPSC attachment
(Table 1). We observed that five types of laminin and some
adhesion proteins exclusively exist in Matrigel, in which
laminin a1, laminin @4, laminin @5, laminin f1, and vitronectin
were identified from all three batches of Matrigel. The
adhesion molecules entailed in Matrigel enabled the iPSCs
to grow on the substrates (Table 1). An increase in the
concentration of the dpECM in the mixture of M+d substrates
led to a considerable decrease in cell attachment and growth,
which further confirms the adverse effect of the dJpECM on
iPSC attachment. Hence, the concentration of the dpECM in
the mixture substrates needs to be carefully determined. As
shown in Table 1, few glycosaminoglycans exist in the dJpECM
and Martigel, which ruled out potential formation of
proteoglycan complexes for binding growth factors during
cell attachment.

Instructive Effects of the dpECM on Islet Develop-
ment from iPSCs. Next, we intended to interrogate whether
the dpECM includes signaling molecules that induce islet
development during iPSC pancreatic differentiation. Thus,

Table 1. Comparison of Adhesion Molecules and
Glycosaminoglycans Identified in Matrigel (M) and
dpECM*

identified in M with identified in dJpECM with

name frequency frequency

laminin al +(3/3) +(1/3)
laminin a2 +(2/3)

laminin a3 +(1/3)

laminin a4 +(3/3)

laminin aS +(3/3)

laminin 1 +(3/3) +(1/3)
laminin f2 +(2/3) +(1/3)
laminin y1 +(3/3) +(2/3)
laminin y3 +(1/3)

fibronectin +(3/3) +(2/3)
vitronectin +(3/3)

heparan sulfate +(2/3)

chondroitin

sulfate

dermatan sulfate

keratan sulfate

“n = 3 for M and dpECM, respectively.

iPSCs were differentiated into pancreatic lineages following a
protocol developed at our lab with some modifications (Figure
3A)."** This protocol yields in a stepwise fashion definitive
endoderm (DE) (S1), posterior foregut (S2), pancreatic
progenitor (S3), and hormone-expressing endocrine cells
(S4). We performed immunofluorescence microscopy to
ascertain the composition of the cells at the end of Stage 4.
As exhibited in Figure 3, we detected all major hormone-

https://dx.doi.org/10.1021/acsbiomaterials.0c00088
ACS Biomater. Sci. Eng. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c00088?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c00088?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c00088?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c00088?fig=fig2&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://dx.doi.org/10.1021/acsbiomaterials.0c00088?ref=pdf

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

A Stage 1 Stage 2 Stage 3 Stage 4
RPMI 1640 ] [ RPMI 1640 ]
| payo-4 || paya9s || pay9-1a |[ pay1sa-21 |
NaB, Vc, KGF, Noggin, RA, LDN, ILV, T3, ALKi, R428,
Activin A RA, ILV, LDN T3, ALKi, HP N-Cys, Trolox, SiXX,

Nic, ZnSO,, HP

M+d 2:1

M+d 4:1

CP/GCG/DAPI

SST/PPY/DAPI

Figure 3. dpECM promotes self-assembly of islet-like architecture
during iPSC pancreatic islet differentiation. (A) Four-stage and 21 day
protocol for differentiating iPSCs into islet tissues. Basal media as well
as key molecules used at each stage of differentiation are shown in the
diagram. (B,C) Structure of iPSC-derived islet-like organoids formed
in the presence of dpECM cues. iPSCs were induced for
differentiation on Matrigel (M)-coated or Matrigel and dpECM (M
+d) mixed substrate-coated plates at the ratio of 4:1 or 2:1 (w/w). At
the end of four-stage differentiation, the cells were immunofluor-
escently labeled for (B) CP (green) and GCG (red) and (C) SST
(green) and PPY (red). DAPI (blue) was used for counterstaining the
cell nuclei. White scale bars, 50 ym; yellow scale bars, 10 ym.

secreting pancreatic islet cell types in the clusters, which
include insulin (INS)-secreting /3 cells that produce C-peptide
(CP), GCG-secreting a cells, SST-secreting & cells, and
pancreatic polypeptide (PPY)-secreting PP cells. Examining

the tissue architecture of these cell clusters revealed that f cells
were intermingled with @, 6, and PP cells, which reassembles a
characteristic tissue structure of adult human islets. In contrast,
no PP cells were detected in clusters formed on the Matrigel
substrates. It is worth pointing out that only few cell clusters
were formed on the Matrigel substrates. It appeared that most
islet cells differentiated on the M or 4:1 mixed M+d substrates
were polyhormone-expressing cells, which suggest their
immaturity. By contrast, islet cells generated on the 2:1
mixed M+d substrates were more monohormonal-expression
cells, which suggest their maturity. These experiments
evidently suggested an instructive effect of the dpECM on
islet development during iPSC pancreatic differentiation. To
determine whether these cell clusters are glucose responsive,
we performed a GSIS assay. No glucose-responsive insulin
secretion could be detected from these cell clusters upon
glucose challenges (data not shown), which suggests their low
degree of functionality.

dpECM Cues Recapitulate Islet Organogenesis and
Morphogenesis and Promote Maturation of Islet
Organoids in the Combination of Two-Dimensional
and Three-Dimensional Cultures. Recent studies indicated
that pancreatic endocrine cells require extra time and a three-
dimensional (3D) environment to mature after pancreatic
endoderm specification.”'>'>* To test whether an extended
culture in a pancreatic preferential medium under 3D
conditions could help mature cell clusters into islet organoids,
we designed a five-stage differentiation protocol (Figure 4A).
We collected cell clusters at the end of Stage 3 and transferred
them to ultralow attachment culture plates to mature them in a
3D suspension culture without the presence of M or M+d for
another 2 weeks. At the end of the five-stage differentiation,
the expression of key endocrine marker genes in iPSC-derived
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Figure 4. Enhancement of islet-like organoid development in the presence of dpECM substrates. (A) Scheme of five-stage islet development. (B)
iPSCs were induced for differentiation on Matrigel (M)-coated or Matrigel and dpECM (M+d) mixed substrate-coated plates at ratio of 4:1 or 2:1
(w/w). At the end of five-stage differentiation, the expression levels of endocrine marker genes in the organoids were quantified by gRT-PCR and

normalized to undifferentiated IMR9O cells. Results are from three indep
0.05 and ***p < 0.001 compared to the M group. Different letters (a o

each other. Human pancreatic RNA (hPancreas) and human islet RNA (hIslet)

endent differentiation experiments (n = 3) and shown as mean + SD. *p <
r b) above the bars represent that the bars are significantly different from
were used as positive controls.
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Figure 5. Enhancement of organogenesis and morphogenesis of iPSC-derived islet organoids in extended 3D cultures. iPSCs were induced to
differentiate to endocrine tissues on Matrigel (M)-coated or Matrigel and dpECM (M+d) mixed substrate-coated plates at the indicated ratios of
Matrigel to dpECM, following a five-stage differentiation protocol. The samples were immunofluorescently labeled for (A) CP (green) and GCG
(red); (B) SST (green) and PPY (red); (C) MAFA (green) and CP (red); and (D) MAFB (green) and GCG (red). Cells were counterstained
with DAPI (blue). (E) Characterization of the architecture of iPSC-derived islet organoids. Images were quantified to estimate approximate
populations of each cell subtype using Image] (n = 18—38). Results are shown as mean + SD. *p < 0.05; **p < 0.01; and ***p < 0.001 compared
to the M group. Groups with different letters represent significant differences. Human islets (islet) were used as a positive control. White scale bars,
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Figure 6. Glucose-responsive secretions of insulin and GCG from hPSC-derived islet organoids at the end of five-stage stepwise differentiation.
(A,B) iPSC line IMR90 cells- and (C,D) hESC line H9- derived organoids were challenged with low (2 mM) and high (20 mM) glucose. (A,C)
Glucose-regulated insulin secretion was assessed by fold change calculated as the ratio of insulin secreted in high glucose conditions to that in low
glucose conditions. IMR90 (A) (n = 3) and H9 (C) (n = 3). (B,D) Glucose-regulated GCG secretion was assessed by fold change calculated as the
ratio of GCG secreted in low glucose conditions to that in high glucose conditions. IMR90 (B) (n = 6) and H9 (D) (n = 3). Human donor islets
(islets, n = 4) were used as a control. Data shown are means + SD. *p < 0.0S; **p < 0.01; NS: not significant.

cells generated on the M+d substrates showed increased
expressions of PDX-1, NKX6.1, INS, GCG, PPY, SST,
urocortin 3 (UCN3), and aristaless-related homeobox (ARX)
compared to the M group (Figure 4B). Increasing the dpECM
concentration above 2:1 did not appear to enhance the iPSC
pancreatic differentiation (data not shown). It is noteworthy
that although the expression of endocrine marker genes

increased significantly in M+d groups, they did not show
comparable levels to those in human pancreas or islets except
for PDX-1.

To examine whether the islet organogenesis and morpho-
genesis were elevated during the extended 3D cultures, we
determined morphology and tissue architecture of the

organoids through immunofluorescence microscopy. The
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Table 2. Approaches for the Generation of Human Islets from Pluripotent Stem Cells

stepwise differentiation GSIS (fold  GSGS (fold
reference timeline (days) strategy cell line change) change) & cells PP cells
this work S-stage (28) 2D for 18 days; 3D suspension for 10 days IMR90, H9 ~2.8 2 detected  detected
(Kim et al,, S-stage (26) pillar/pore polystyrene nanopattern; H1 N/A N/A N/A N/A
2018)*” suspension culture at stage S
(Wang et al., 4-stage (22—23) 3D cell-laden scaffold culture H9 ~3.5 N/A detected  detected
2017)"
(Kim et al,, 4-stage (17) 1-day suspension on last day of H1, CHAILS 2.5 N/A N/A not
2016)*’ differentiation detected
(Shaer et al., 4-stage (31) 2D with microRNA-7 transfection RSCB0082 ~1.40 N/A N/A N/A
2016)
(Shaer et al, 4-stage (31) 2D RSCB0082 N/A N/A N/A N/A
2014)*
(Rezania et al, 7-stage (30—40) 2D at stage 1—4; 3D suspension at stage H1, homemade 1.7 N/A detected  not
2014)'° 5—7 iPSC detected
(Pagliuca et al, 6-stage (30—37) suspension culture in spinner flasks HUESS, ~3.0 N/A N/A N/A
2014)" homemade
iPSC
(Tateishzizet al, 4-stage (29) 2D H9, homemade N/A N/A N/A N/A
2008)* iP SC
(Jiang et al,, 4-stage (36) 2D HI1, H7, H9 33 N/A N/A N/A
2007)*

analysis of cellularity of the organoids formed on the M+d
substrates demonstrated a tissue architecture similar to human
islets (Figure S). It should be pointed out that there are no
reliable markers that can be used to separate islet organoids
from other cell aggregates through flow cytometry. In addition,
the efficiency of the generation of islet organoids remains low.
Hence, flow cytometry failed to estimate the islet cell
subpopulations from the entire population containing many
non-islet cells. In order to characterize morphogenesis of these
organoids to determine heterogeneity and estimate the
organoids’ cell composition, we performed cryo-sectioning,
immunostaining, and fluorescence microscopy, followed by
calculating the percentage of each type of endocrine cells in the
organoids using Image], as reported previously.*” The images
(n = 18—38) of each subtype of islet cells were quantified. A
significant increase of CP*/GCG~ and CP~/GCG* mono-
clonal cells were found in the M+d groups with distributions of
those cells comparable to that found in human islets (Figure
SA). In addition, the organoids formed on the 2:1 mixed M+d
substrates yielded more SST* and PPY" cells during the
extended cultures as compared to the cells in the Matrigel
group (Figure SB).

MAFA and MAFB are the two transcription factors in adult
f- and a-cells, respectively. They are critical for islet
maturation.' 3™ Multiplex staining of CP, GCG, MAFA,
and MAFB of the organoids revealed a large amount of MAFA
and MAFB in the nuclei of islet cells formed on the M+d
substrates (Figure SC,D). As shown in Figure SE, the CP*/
MAFA" and GCG'/MAFB' cells in the M+d 4:1 group
increased slightly as compared to those in the M group,
although not significantly. We speculated that the concen-
tration of instructive factors in the M+d 4:1 was not high
enough to induce islet development. By increasing the dosage
of dpECM in the mixture, we observed a significant increase in
CP*/MAFA" and GCG*/MAFB" cells in the M+d 2:1 group.
Together, we demonstrated that the dpECM promotes islet
organogenesis and morphogenesis during iPSC pancreatic
differentiation.

Further investigation by the GSIS assay confirmed that the
organoids cultured in two-dimensional (2D) conditions did
not show glucose-responsiveness (data not shown). In

contrast, insulin secretion in response to glucose concen-
trations was detected from 3D cultured organoids (Figure 6A).
In cells from the M+d 2:1 group, there was approximately 2.4-
fold more insulin secretion in response to glucose level changes
from low (2 mM) to high (20 mM). This fold change of
insulin release under glucose challenge was similar to that in
donor islets (Figure 6A). It appeared that cells in M and M+d
groups did not show glucose responsiveness, which is
consistent with the results obtained in Figure 5.

Islet Organoids Matured in Extended Three-Dimen-
sional Cultures Secrete Glucose-Regulated GCG. To
evaluate further the potential of the organoids in hormonal
glycemic control and nutrient homeostasis, we assessed
whether the organoids secrete GCG in response to glucose
levels. We observed that glucose-regulated GCG secretion
from the organoids cultured in the M+d 2:1 group improved
significantly as compared to that in the control and M+d 4:1
groups (p < 0.05) (Figure 6B). The GCG secretion was sugar-
level responsive with similar sensitivity to that detected in
human donor islets. The experimental results indicated a
glucose-responsive GCG secretion from a cells. Taken
together, for the first time, we demonstrated a successful
generation of iPSC-derived physiologically functional islet
organoids with glucoregulatory production of both insulin and
GCG.

Having characterized the unique role the dJpECM played in
human iPSC islet development, we next investigated whether
the instructive effect of the dpECM on islet development is
reproducible to hESCs as well. We performed hESC pancreatic
differentiation after spiking with the dpECM. hESC H9 line
was used for these experiments. As shown in Figure 6C,D,
hESC-derived islet organoids also demonstrated glucose-
responsive insulin and GCG secretions, similar to that
observed in iPSC-derived islet organoids.

B DISCUSSION

Organoids were recently defined by the American Society for
Cell Biology as generated using renewable tissue sources, such
as human stem cells, under controlled cultured conditions.
They self-organize to 3D structures, recapitulate development
and tissue organization, and/or incorporate multiple aspects of
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the cellular complexity of the modeled tissue.*® In this study,
we discovered that the tissue-specific dpECM could induce
islet organogenesis and morphogenesis during hPSC islet
differentiation. We corroborated that the dpECM triggers the
self-assembly of organoids during hPSC differentiation toward
islet tissues. These organoids secreted both insulin and GCG
in response to glucose levels (Figure 6). Although the absolute
amount of insulin secreted from iPSC-derived organoids was
very low compared to human donor islets, GCG production
from the organoids is comparable to that secreted from human
islets (data not shown), suggesting that they are capable of
physiological hormone secretion and a degree of maturation.
The organoids are composed of pancreatic endocrine cells with
similar proportions found in human islets.*” As summarized in
Table 2, to our best knowledge, current approaches for the
generation of human islet organoids emphasize only on insulin
secretion, whereas the analysis of functional a cells is absent
(Table 2). Hence, our findings of glucose-responsive insulin
and GCG production from hPSC-derived islet organoids are
substantial and promising. We also showed that the spiking of
hPSCs with the dpECM elevates the expression of key
pancreatic transcription factors that include PDX-1, NKX6.1,
UCNS3, ARX, and hormones in the organoids. The iPSC-
derived islet organoids showed multiple types of endocrine
cells with similar proportions to adult islets, which consist of
four major islet cell types, that is @, 5, J, and PP cells that
harbor geometrically unique reciprocal cell—cell interactions.
Importantly, we achieved a similar glucose-responsive
hormone-release behavior in organoids developed from both
iPSCs and hESCs, although considerable variations in
maturation have been observed when different hPSC lines
are used for organoid development.** Consequently, our
results suggest the robustness of dpECM cues to islet
development from hPSCs.

Another interesting observation through this study is the
importance of dpECM preparation. By comparing a variety of
decellularization methods, we showed that alternating between
hyper- and hypotonic solutions is the most effective approach
in removing cellular components. Compared to previously
reported decellularization methods for pancreatic tissue, which
require the use of detergents such as 1% Triton X-100°° or
0.5% SDS combined with 1% Triton X-100,” the dpECM
generated using the method developed in this study contained
the least residual DNA (Figure 1B). Our data showed that the
dpECM contains less than 1% of DNA, and that no large DNA
fragments can be detected after decellularization. These
properties satisfy the criteria of an ideal nonimmunogenic
acellular biomaterial described previously.” In addition to the
effectiveness of removing cellular contents, the reagents used
are easily rinsed off when compared to flushing detergents out
of decellularized tissues. Although the dJpECM was found to be
nontoxic to hPSCs, a remarkable decrease of cellular adhesion
to the dpECM substrates was observed (Figure 2I). In our
recent study, we found that very limited cellular adhesion
molecules in the dpECM were detected compared to those in
Matrigel through mass spectrometer analysis.”’ Adhesion
molecules essential to hPSC attachment, such as laminin,
fibronectin, and vitronectin, were significantly insufficient in
the dpECM for hPSC attachment (Table 1).*"° Matrigel is a
prevailing ECM substrate for hPSC cultures. It is an extract
from mouse sarcoma-derived basement membrane rich in
laminin, collagen IV, and heparan sulfate proteoglycans."1
Extensive evidence has been documented about the supportive

role of Matrigel in stem cell survival, attachment, and
proliferation.”> However, Matrigel lacks of tissue specificity
that may impair tissue development from stem cells.
Consequently, the mixture of the dpECM with Matrigel
helps cells to attach, proliferate, differentiate, and assemble into
islet organoids.

Notably, the dpECM generated in this study was fabricated
from the pancreas, including both exocrine and endocrine
tissues. It was reported that the compositions of exocrine and
endocrine ECM are very similar.”> We hypothesized that some
key molecules in a decellularized pancreas would provide
signaling for iPSC pancreatic islet development due to the fact
that the pancreatic organ provides unique microenvironments
for maintaining islet functions. Another study suggested that
pancreatic ECM supports the survival and functionality of islets
in cultures.”* The finding of spontaneous endodermal lineage
specification of embryoid bodies in a decellularized pancreas
further supports our hypothesis and observation.”” These
signaling molecules in the dpECM could be ECM proteins or
signaling proteins secreted from pancreatic cells. We have
reported that type V collagen identified in the dpECM
fabricated from animal pancreas is one of the signalin§
molecules promoting islet tissue development from iPSCs.’
This finding is consistent with our study that the dpECM is
beneficial and crucial for generating functional endocrine
lineage.

To mature islet organoids, we switched the hPSC islet
development environment from 2D to 3D at a late stage of the
differentiation. We reaggregated cells in a suspension culture
for the last two stages of development. No dpECM was added
to the cell culture medium. Interestingly, the omission of the
dpECM in the late stages did not nullify the enhanced islet
lineage progression, which indicates the critical role of the
cell-dpECM interaction at the early stage of islet develop-
ment. This is consistent with the previous finding that early
pancreas specification stage is decisive for the formation of
diverse endocrine islet cell types.'**° Compared with 2D
culture, the insulin secretory function of the organoids elevates
significantly after 3D culture. There was approximately three-
fold more insulin secreted from the 3D cultured organoids
than that from 2D cultures (data not shown). These results
recapitulate the previous finding that direct 3D contact is
fundamentally important to the coordination of insulin
secretion in f-cells.*® Recellularizing the decellularized tissue
slices with progenitor cells could be another approach to
produce mature pancreatic islet cells. However, scaling this
differentiation approach would be very challenging. It requires
a tremendous amount of islet cells for treating one patient. Our
goal is to develop a robust and scalable islet organoid
manufacturing process. To this end, in this study we examined
the feasibility of generating mature islet organoids using a
suspension culture, which is a scalable cell culture process.

Although the mechanisms that underlie the hPSC—dpECM
interaction during islet development remain elusive, we
speculate that there are some tissue-specific cues presented
by the dpECM to hPSCs, which lead to the induction of
intrinsic pathways that direct cell differentiation toward islet
organogenesis. Further studies will require the identification of
these factors in order to develop a defined islet development
medium to generate clinical grade islets for clinical
applications. It should be pointed out that much work is
needed to further increase the organoids’ capability of glucose-
responsive insulin and GCG secretion.
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Taken together, this study highlights the instructive effect of
the dpECM on islet organogenesis from hPSCs. The tissue-
specific cues presented by the dpECM assemble a complex
microenvironment that is critical to cell fate specification in
early stage of hPSC pancreatic differentiation. These findings
provide a foundation for future investigations into essential
outside-in signals to produce clinically relevant pancreatic
tissues. Further studies are required to determine the signaling
molecules that induce organogenesis.

B CONCLUSIONS

Tissue matrix substrates prepared by a DF method show
removal of almost all animal cells from the pancreatic tissue.
The dpECM substrates augment islet organogenesis and
morphogenesis from differentiation of hPSCs. The stem cell-
derived islet organoids secrete both glucose-responsive insulin
and GCG, two major hormones that maintain glucose
homeostasis in the blood. They consist of all major pancreatic
endocrine cell types under the tissue cues of decellularized
ECM substrates.
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