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Inhibition of Gamma-Secretase Activity Promotes
Differentiation of Embryonic Pancreatic Precursor Cells
into Functional Islet-like Clusters
in Poly(Ethylene Glycol) Hydrogel Culture

Mariah N. Mason, B.S., and Melissa J. Mahoney, Ph.D.

We assessed the ability of a gamma-secretase inhibitor to promote the in vitro differentiation of induced
embryonic pancreatic precursor cell aggregates into functional islet-like clusters when encapsulated within a
three-dimensional hydrogel. Undifferentiated pancreatic precursor cells were isolated from E.15 rat embryos,
dissociated into single cells, and aggregated in suspension-rotation culture. Aggregates were photoencapsulated
into poly(ethylene glycol) hydrogels with entrapped collagen type 1 and cultured for 14 days with or without a
gamma-secretase inhibitor. Gene expression, proinsulin content, and C-peptide release were measured to de-
termine differentiation and maturation of encapsulated precursor cell aggregates. In the control medium, scat-
tered breakthrough beta cell differentiation was observed; however, cells remained largely insulin negative.
Upon addition of a gamma-secretase inhibitor the majority of cells in clusters became insulin positive, and
insulin per DNA and glucose-stimulated insulin release measurements for these cultures were comparable with
those for adult rat islets. Cluster counts after culture day 14 were 88% of those initially encapsulated, demon-
strating excellent cluster survival in hydrogel culture. These results indicate that concerted differentiation of
pancreatic precursor cell aggregates into functionally mature islet-like clusters can be achieved in poly(ethylene
glycol)-based hydrogel cultures by blocking cell contact-mediated Notch signaling with a gamma-secretase

inhibitor.

Introduction

DONOR TISSUE SHORTAGE is a significant challenge facing
islet cell transplantation therapy.'” Any alternative cell
source to cadaveric islets must have not only a robust pro-
liferative capacity but also the ability to selectively and effi-
ciently differentiate into insulin-producing beta cells.
Embryonic pancreatic precursor cells are proliferative cells
not yet terminally differentiated; therefore, by deliberately
modifying the cells’ environment one could theoretically
direct their differentiation fate. In vivo studies involving
human, porcine, and rat fetal pancreatic tissue have suc-
cessfully corrected hyperglycemia in animal models of dia-
betes.>” However, mechanisms to promote the in vitro
differentiation of pancreatic precursor cells into a uniform
population of functional beta cells have not been achieved.
Additional research has focused on developing a Pdx-1+ cell
population from embryonic stem cells, with the belief that
properly forming and functioning islets must be generated

through a cell type indistinguishable from those found in the
developing pancreatic bud.*'° Therefore, determining how
to selectively differentiate embryonic pancreatic precursors
into functioning islets may provide a blueprint for the in vitro
differentiation of embryonic stem cells that have been en-
couraged toward a pancreatic precursor cell-like fate. In vitro
differentiation of embryo-derived cells is an important step
to ensure their safe transplantation, free from the risk of
unwanted ectopic tissue or tumor formation when implanted
in vivo.'1?

Poly(ethylene glycol) (PEG)-based hydrogels are a me-
chanically supportive three-dimensional culture platform
providing minimal cell-material interaction. This cell-material
neutrality provides a blank slate in which to study the effects
of specific signaling molecules on an encapsulated cell popu-
lation and subsequently use this information to enhance via-
bility or encourage differentiation of desirable cell types.
Importantly, PEG hydrogel encapsulation can also protect
islets from immune-mediated destruction."
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We have previously shown that dissociated pancreatic
precursor cells encapsulated as single cells in PEG hydrogels
selectively differentiate into beta cells; however, cell numbers
significantly decrease over 7 days of culture and the cells
remain immature and unresponsive to glucose.'* These
findings indicate that beta cell differentiation may be this cell
population’s default pathway and also suggest that cell ag-
gregation, as demonstrated for adult islets, may be important
for differentiating pancreatic precursor cell viability and
function.'>"” The preference of adult islets for cell-cell con-
tact is in direct conflict with the creation of a uniform pop-
ulation of functional islets from pancreatic precursors
because cell-cell interactions prevent the concerted differ-
entiation of multipotent precursor cells in the developing
pancreas. Differentiation suppression is mediated by the
Notch signaling pathway, which is activated by ligand—
receptor interactions and propagated by cleavage and sub-
sequent nuclear translocation of Notch intracellular domain
via gamma-secretase.'® In the nucleus, Notch intracellular
domain activates the transcription of target genes, such as
Hes1, that results in precursor cell maintenance in the de-
veloping pancreas.'® Notch signaling pathway deficiencies
lead to precocious and premature differentiation of pancre-
atic progenitors into endocrine cells,'”* suggesting that
blocking Notch signaling could be used to promote uniform
in vitro differentiation.

In this study we utilized a PEG-based hydrogel as a cul-
ture platform to determine (1) whether precursor cell ag-
gregation benefits cell survival in hydrogel culture and (2)
whether enhanced in vitro differentiation of pancreatic pre-
cursor cell aggregates could be achieved through the inter-
ruption of the Notch signaling pathway. We first determined
the appropriate cell aggregating conditions to increase the
number of precursor cell clusters formed before hydrogel
encapsulation. Next, we demonstrated cell-cell contact-
mediated suppression of differentiation in PEG hydrogel
culture. Finally, we utilized a gamma-secretase inhibitor to
block cell-cell contact-mediated Notch signaling and pro-
mote differentiation of precursor cell aggregates into mature
glucose-responsive islet-like clusters.

Materials and Methods

Pancreatic precursor cell isolation, encapsulation,
and culture

Pregnant Sprague-Dawley rats were purchased from
Charles River Laboratories. Animals were treated and eu-
thanized in accordance with the National Institutes of Health
Office of Laboratory Animal Welfare Principles of Labora-
tory Animal Care and Institutional Animal Care and Use
Committee (IACUC) guidelines.

PEG macromers were synthesized as previously de-
scribed.'*?! Dorsal pancreatic rudiments were removed from
E.15 rat embryos and dissociated into single-cell suspen-
sions."* This initial cell population has been previously
characterized and contains ~65% Pdx1+/insulin— pancre-
atic precursor cells, ~25% vimentin+ mesenchymal cells,
and <1% of differentiated insulin or glucagon+ cells.** For
clustering experiments, cells were placed in nonadherent
tissue culture wells on an orbital shaker (80 rpm) for 30, 60,
or 120min. Dissociated or clustered cells were photo-
encapsulated into 7.5wt% PEG hydrogels with 0.5mg/mL
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entrapped collagen (PEGCol) at a cell concentration of 3x10°
cells/mL.** Hydrogel discs (3.6 mm in diameter and 1.5 mm
thick) were photopolymerized using 0.025wt% photo-
initiator (Irgacure 2959) for 10min at 365nm ultraviolet
light (~4mW/cm?)."* PEGCol hydrogels are superior to
unmodified PEG hydrogels or pure collagen gels at main-
taining viability of encapsulated, spontaneously formed
pancreatic precursor cell clusters by providing both me-
chanical stability and a source of Bl-integrin signalling.”*>*
A 50:50 mixture of hydrolytically degradable and nonde-
gradable PEG macromers were used to preserve stability
over long-term in vitro culture, a modification that would
also facilitate maintenance of hydrogel structural integrity
for in vivo implantation.”® PEGCol cultures were maintained
at 37°C/5% CO, in RPMI-1640 medium supplemented
with 10% fetal bovine serum, 1% penicillin-streptomycin,
and 0.1% N2 (all vol./vol.), 0.5 ng/mL Fungizone, and 2 mM
L-glutamine. All medium components were purchased
from Invitrogen. Gamma-secretase inhibitor IX (N-[N-(3,5-
Difluorophenacetyl-L-alanyl)]-S-phenyl-glycine t-Butyl Ester)
(DAPT) was used at 0.25 uM (Calbiochem). The medium was
changed every 1-2 days. PEGCol hydrogel mesh size was
measured at ~60A immediately after polymerization, indi-
cating that the small molecule gamma-secretase inhibitor
(432.5 Da), along with molecules such as insulin (5808 Da,
~14.7A) and glucose (180 Da, ~4A), could freely diffuse into
and out of the cultures.

Cluster counts, size, and viability

Immediately after encapsulation, and on culture days 7
and 14, hydrogel culture discs were observed using Live/
Dead fluorescent probe membrane integrity assay (viable
and dead cells are labeled green and red, respectively)
(Molecular Probes). Each image represents a series of 45-50
optical sections, 30 um apart. Clusters size was indicated by
measured diameter and clusters >25um were counted; for
nonspherical clusters, the average of three diameter mea-
surements was utilized.

Quantitative real-time polymerase chain
reaction (RT-PCR)

On culture days 1, 3, 7, and 14, hydrogel cultures were
removed from the medium, placed in TriReagent, and stored
at —20°C. RNA isolation, cDNA synthesis, and polymerase
chain reaction (PCR) amplification and quantification were
carried out as previously described.'* Primer sequences used
for insulin (Ins1 and 2), glucose transporter type 2 (Glut2),
pancreatic and duodenal homeobox 1 (Pdx1), Mafa, glucagon
(Gcg), vimentin (Vim), and amylase (Amy) have been previ-
ously published."* For hairy and enhancer of split-1 (Hes1)
and neurogenin 3 (Ngn3), the following primer sequences
were used: HesI 5oligo, CCC,ACC, TCT,CTC, TTC, TGA,CG
and 3'oligo, AGG,CGC,AAT,CCAATATGAAC; Ngn3
5'oligo, CCA,CGA,AGT,GCT,CAG,TTC,CAA and 3'oligo,
GCG,GAG, TTA,AGG,TTG, TGC,ATG.

Immunohistochemistry

On days 7 and 14, hydrogel cultures were fixed in 4%
paraformaldehyde and dehydrated in 15% sucrose (wt/vol.).
About 40 um frozen sections were stained using standard im-
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munohistochemical techniques with the following antibodies:
mouse anti-insulin (1/750; Sigma), mouse anti-glucagon
(1/1000; Sigma), mouse anti-amylase (1/300; Sigma), and rab-
bit anti-Ki67 (1/500; Abcam). Fluorophore-conjugated sec-
ondary antibodies were used (1/300; Invitrogen).

DNA and insulin content

On culture days 7 and 14, PEGCol hydrogel culture discs
were transferred to cell lysis buffer, homogenized via pellet
crusher, and sonicated for 15s (4W). Supernatant DNA, in-
sulin, and proinsulin content was measured using a Quant-iT
PicoGreen dsDNA assay (Invitrogen), and rat insulin and
proinsulin ELISA kits (Mercodia), respectively, per manu-
facture’s instructions.

Glucose challenge test

On days 7 and 14, hydrogel discs were washed in the low-
glucose serum-free medium and incubated in either low
(1.1mM) or high (16.7 mM) glucose medium for 2h.' These
glucose concentrations have been utilized to test the glucose
responsiveness of PEG hydrogel-encapsulated pancreatic
precursor cells and MING beta cells in previous studies.'***2¢
After incubation, supernatant C-peptide concentrations were
measured using rat C-peptide ELISA kits (Mercodia).

Statistical analysis

Between group differences were analyzed using a two-
tailed, unpaired Student’s t-test when only two groups were
being compared. Specifically, for gene expression, insulin
and DNA content, and insulin release data through day 7
(i.e., when there were only two conditions), a Student’s t-test
was used to measure between group differences and not the
effect of time. When three or more groups were being com-
pared, a one-way analysis of variance was utilized; signifi-
cant main effects were then followed with Newman-Keul’s
post-hoc analyses. Significance was set at p <0.05 and n>3
separate experiments for all results shown. Data presented as
mean =+ standard error of the mean unless otherwise noted.

Results
Cluster formation before encapsulation

Pancreatic precursor cells were induced to form clusters
using suspension rotation incubation for 0, 30, 60, and
120 min on an orbital shaker. Cadherin-mediated interactions
were a likely mediator of the cell-cell adhesion that facili-
tated aggregation during this incubation, as these cell ad-
hesion proteins, specifically E-cadherin, are found on the
surface of all epithelial cells of the developing and adult
pancreas, including pancreatic precursor cells.”” Clusters re-
sulting from the orbital shaker incubation were subsequently
encapsulated in PEGCol hydrogels and observed using a
Live/Dead stain (Fig. 1a). The sizes of individual cell clusters
along with mean cluster size were measured from these
images (Fig. 1b). DNA content measured after 7 days of
PEGCol hydrogel culture was highest for the 60-min cluster
condition (Fig. 1c; black bars), demonstrating a survival
benefit over dissociated cells (Fig. 1a; 0 min) and fewer, but
larger cell clusters (Fig. 1a; 120min). These results mimic
those for initial cluster counts (Fig. 1c; white bars), suggest-
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ing that an increase in cluster number benefits encapsulated
precursor cell survival. On the basis of cluster number and
DNA content data, a clustering time of 60 min was utilized
for all subsequent experiments.

Differentiation of precursor cell clusters encapsulated
in PEGCol hydrogels

Clusters were encapsulated in PEGCol hydrogels and
cultured in the medium with or without a gamma-secretase
inhibitor. RT-PCR, immunohistochemistry, and proinsulin
concentrations were used to compare the differentiation of
encapsulated clusters during 2 weeks of culture.

Gene expression. RT-PCR was used to measure relative
fold-differences in Hes1, Ngn3, Ins, and Pdx1 expression for
clustered pancreatic precursor cells encapsulated in PEGCol
hydrogels and cultured in the control medium or medium
supplemented with a gamma-secretase inhibitor (Fig. 2). At
all time points, Hes1 expression was significantly decreased
in the presence of gamma-secretase inhibitor, verifying in-
terrupted Notch signaling. Conversely, Ngn3 expression, a
marker of endocrine specification, was significantly in-
creased with gamma-secretase inhibitor exposure by culture
days 3 and 7. Additionally, Ins expression was ~ 6.4-fold
higher on day 7 in the presence of gamma-secretase inhibitor,
a pattern mimicked by a similar increase (~5-fold) in Pdx1
expression.

After in vivo implantation, Notch inhibition would not be
maintained; therefore, a transient dose of gamma-secretase
inhibitor was used to determine if differentiated cells could
be weaned from Notch inhibition without detrimental effects
to function and maturation. Relative fold-differences in Hes1,
Ins, Pdx1, Glut2, Mafa, and Gcg gene expression were mea-
sured in hydrogel cultures from three experimental condi-
tions: (1) cultures exposed to no gamma-secretase inhibitor
(control), (2) cultures exposed to 7 days of gamma-secretase
inhibitor, and then switched to the control medium for 7
days, and (3) cultures exposed to gamma-secretase inhibitor
for 14 days of incubation (Fig. 3). When gamma-secretase
inhibitor was withdrawn from hydrogel cultures after 7
days, Hes1 gene expression rebounded, indicating continued
competence of Notch signaling (Fig. 3a); however, there was
not a significant difference in the differentiation of these
encapsulated pancreatic precursor cell clusters compared to
cultures exposed to gamma-secretase inhibitor for 14 days.
Cultures exposed to gamma-secretase inhibitor for 7 or 14
days demonstrated significantly more beta cell differentia-
tion (Ins, Pdx1, Mafa, and Glut2) and alpha cell differentiation
(Geg) than controls. Although values are shown normalized
to the control condition, expression of genetic markers in-
dicative of beta cell differentiation significantly increased for
both control and gamma-secretase inhibitor conditions over-
time. For example, Ins gene expression increased ~ 12,000-
fold from day 1 to 14 in the control condition, whereas it
increased ~55,000-fold in gamma-secretase-exposed cul-
tures over this same time period.

The gene expression levels of vimentin and amylase were
measured as markers of mesenchyme and exocrine tissue,
respectively. Consistent with our previously published work,
vimentin gene expression was undetectable by day 7, indi-
cating that contaminating mesenchymal cells present upon
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FIG. 1.

Characterization of pancreatic precursor cell clusters after 0, 30, 60, and 120 min of orbital shaker incubation. (a)

Images of clusters formed after orbital shaker incubation for the indicated time after Live/Dead stain application. Scale bar,
50 pm. Initial cluster size (b) and number (c, left axis, white bars) were determined from Live/Dead images and are given for
each condition along with day 7 DNA contents (c, right axis, black bars). (b) Cluster size was determined by measuring the
diameter of encapsulated clusters and is presented as a scatter plot, with one data point present for each cluster. Horizontal
bars represent the mean, and dotted line indicates a cluster size of 125 pm. (c) Initial cluster counts (white bars) are shown as
clusters per mm?® of hydrogel and culture day 7 DNA contents are shown normalized to the 0-min condition. DNA con-
centration comparisons (black bars) show enhanced cell survival in the 60-min conditions compared to all other conditions.
The term “survival” is used to describe the DNA data because the DNA content decreases from day 0 in all conditions. For
example, DNA content on day 7 is ~20% and 60% of day 0 values for the 0- and 60-min clustering conditions, respectively.

Both cluster counts and DNA contents are presented as the mean =+ standard error of the mean (SEM).
p <0.001 compared to 30-min condition. **p <0.01 and " *p

***p < 0.001 compared to 0-min condition. *p < 0.05 an;

d &&&

*p<0.05 and

0.001 compared to all other conditions. Color images available online at www.liebertonline.com/ten.

dissection/dissociation of the pancreatic bud were unable to
survive in PEGCol hydrogel culture (data not shown).*
Additionally, amylase gene expression, a marker for exocrine
differentiation, did not change significantly from the low
level of gene expression measured on day 0 for any culture
time or condition tested (data not shown).'* These results are
likely coupled, as mesenchymal influences are thought to be
required for exocrine development.”®

Proinsulin content. Proinsulin content, which selectively
measures endogenous insulin production and not uptake
from the serum-containing culture medium, was measured
to determine if enhanced insulin gene expression translates
into enhanced insulin synthesis and storage. Hydrogel en-
capsulated precursor cell clusters exposed for any duration
to gamma-secretase inhibitor had significantly greater pro-
insulin:DNA ratios (Fig. 4a, b). Corroborating gene expres-
sion results, there were not significant differences in
proinsulin contents between cultures exposed to 7 versus 14
days of gamma-secretase inhibitor. Initially upon encapsu-
lation, both proinsulin and insulin levels in hydrogel cultures
were undetectable (Table 1), consistent with previously
published work® and the embryonic stage of development

at which the precursor cells were harvested. Proinsulin:
insulin ratios for clustered cells in PEGCol hydrogel cultures
ranged between 1:26 and 1:32, comparable to previously
published values for adult rat islets.”

Functional differentiation. Released C-peptide concen-
trations were measured in low- and high-glucose media and
glucose-stimulated insulin release (GSIR) values were cal-
culated. On day 7, both control cultures and cultures exposed
to gamma-secretase inhibitor had GSIR values >1, indicating
glucose responsiveness. Importantly, precursor -cluster-
loaded PEGCol hydrogels cultured with gamma-secretase
inhibitor were significantly more glucose responsive than
controls (Fig. 4c). On day 14, encapsulated clusters exposed
to 7 or 14 days of gamma-secretase inhibitor, but not cultures
in the control medium, remained glucose responsive (Fig.
4d). C-peptide concentrations in the high-glucose medium
are listed in Table 1. Although control cultures were glucose
responsive on day 7, ~10-fold more insulin was released in
the high-glucose medium when cultures were exposed to
gamma-secretase inhibitor. This is a further indication of the
significantly enhanced beta cell differentiation in the gamma-
secretase inhibitor-supplemented medium.
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FIG. 2. Expression of genes
important in pancreatic precursor
cell differentiation during 7 days
of culture with and without y-
secretase inhibitor. Cell clusters
were induced via 60-min orbital
shaker incubation before encap-
sulation (day 0) and then cul-
tured in PEGCol hydrogels for 7
days. (a—d) Quantitative real-
time polymerase chain reaction
(RT-PCR) obtained gene expres-
sion results for Hes1 (a), Ngn3 (b),
Ins (c), and Pdx1 (d) in PEGCol
hydrogel cultures both without
(control; white bars) and with
(black bars) y-secretase inhibitor
added to the medium. All values
are normalized to time-matched
control condition and shown as
mean + SEM. *p <0.05 and

***p < 0.001 compared to time-
matched control. PEGCol,
poly(ethylene glycol) hydrogels
with entrapped collagen.
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FIG. 3. Expression of genes important in endocrine cell differentiation after 14 days of culture without y-secretase inhibitor or
exposed to y-secretase inhibitor for either 7 or 14 days. (a—f) Cell clusters were induced via a 60-min orbital shaker incubation before
encapsulation and then cultured in PEGCol hydrogels for 14 days. RT-PCR obtained gene expression results for Hes1 (a), Ins (b),
Pdx1 (c), Glut2 (d), MafA (e), and Gcg (f) are shown for the control condition (white bars), with 7 days of y-secretase inhibitor
(checked bars), and with 14 days of y-secretase inhibitor (black bars). All values are normalized to control condition and shown as
mean + SEM. *p < 0.05, **p < 0.01, and **p < 0.001 compared with control.
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FIG. 4. Proinsulin-to-DNA ratios
and glucose-stimulated insulin
release (GSIR) values after 7 and

14 days of culture in all medium
conditions. (a, b) Proinsulin and
DNA measurements were made on
the supernatant of homogenized
PEGCol hydrogel cultures after 7 (a)
and 14 (b) days of culture. Values
were obtained as a ratio of proinsulin
to DNA (ng insulin/ng DNA) and
are shown normalized to the time-

q —

MASON AND MAHONEY

Normalized proinsulin:DNA @
[#¥]
1

matched no y-secretase inhibitor
control condition. (¢, d) Medium
C-peptide concentrations were
measured after a 2-h incubation of
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as mean + SEM. *p < 0.05 and ***p < 0.001 compared to time-matched control condition. *p < 0.05, *p < 0.01, **p < 0.001
compared to 1.1 mM glucose medium C-peptide concentration (values not shown).

Immunohistochemistry. In the absence of gamma-
secretase inhibitor, precursor cell clusters showed scattered
insulin+- cells after 7 days of culture while differentiation of
neighboring cells was notably absent (Fig. 5b, d). In contrast,
groups of insulin+ cells were present within clusters exposed
to gamma-secretase inhibitor on day 7 (Fig. 5c, e). By day 14,
insulin+ cells remained the minority in the control condition
(Fig. 6a), whereas insulin+ cells comprised the majority of all
remaining clusters, regardless of cluster distance from the
hydrogel surface, in both gamma-secretase inhibitor-exposed
conditions (Fig. 6b, c). Additionally, Ki67+ proliferative cells
were present in both control and gamma-secretase inhibitor—
exposed cultures on day 7 (Fig. 5f, g). By day 14, prolifera-
tive capacity had diminished significantly, with only a few

scattered Ki67+ cells remaining in any culture condition
(Fig. 6g-i). Exocrine differentiation was not observed as there
were no amylase+ cells on day 7 or 14 (data not shown),
corroborating gene expression results.

Cell cluster size and viability over 14 days
in PEGCol culture

On days 7 and 14, DNA concentrations were signifi-
cantly higher in gamma-secretase inhibitor exposed cultures
(Fig. 7a, b). For gamma-secretase inhibitor conditions, cluster
number and diameter were assessed and compared to initial
(day 0) values (Fig. 7c). Cluster counts decreased from 13 +1
to 11.6 £ 1 clusters/mm? of hydrogel between days 0 and 14,

TABLE 1. MEASURED PROINSULIN AND INSULIN VALUES (NG INSULIN/NG DNA) ALoNG WITH C-PEPTIDE CONCENTRATIONS
(M) 1N THE HicH-GLUcoSE MEDIUM INITIALLY (DAY 0) AND FOR ALL DAY 7 AND 14 CULTURE CONDITIONS

Day 7 Day 14
No y- + - No y- y-secretase y-secretase
secretase secretase secretase inhibitor inhibitor
Medium condition Day 1 inhibitor inhibitor inhibitor (7 days) (14 days)
Proinsulin content (ng proinsulin/ng DNA) 0 0.013+£0.003 0.064+0.01° 0.04+0.01 0.15+0.01°® 0.1640.01°
Insulin content (ng insulin/ng DNA) 0 0.38£0.07 1.640.2° 1.3+0.3 46+05° 414047
High-glucose medium C-peptide 0 270450 2800+170 18004300 74004900° 7600 + 500"

concentrations (pM)

Values shown are mean =+ standard error of the mean.

9 <0.01 and °p <0.001 compared to time-matched no y-secretase inhibitor control.
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FIG. 5. Immunostaining of initial cell population and after
7 days of culture. (a; day 0) Pancreatic buds were dissociated
into single cells and immediately fixed and stained with
an antibody directed against insulin. Scattered and weakly
insulin+ cells were seen (arrow head); however, they made
up <1% of the total cell population. Scale bar, 20 pm. (b—g;
day 7) Hydrogel sections from cultures without added y-
secretase inhibitor (b, d) and from those with y-secretase
inhibitor added to the culture medium (c, e) were incubated
with an antibody directed against insulin. Upper images are
taken at a lower magnification (b, c). In the control medium,
scattered single cells within pancreatic precursor cell aggre-
gates have differentiated into insulin+ cells; however, the
majority of the cells in the cluster remain insulin— and there
is notable absence of grouped insulin+ cells (b, d). When
v-secretase inhibitor was added to the culture medium,
neighboring groups of cells are insulin+ within each cluster
(¢, ). Day 7 hydrogel sections were also costained for insulin
and the proliferation marker Ki67 (f, g). Proliferating cells
were present in both control (f) and y-secretase inhibitor—
exposed (g) culture conditions. Scale bar for (b, c¢), 50 pm.
Scale bar for (d—g), 20 um. Color images available online at
www liebertonline.com/ ten.
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indicating that 88% of clusters remained after 2-weeks of
hydrogel culture. It is possible that clusters present on day 14
are generated from single proliferating cells and are not the
same clusters encapsulated on day 0; however, we have
previously published results using singly dissociated pre-
cursor cell clusters and observed no cell clusters after 7 or 10
days of culture.'* Additionally, if single cells were able to
proliferate to form clusters, we would have expected more
clusters on days 7 and 14 than on day 0. Cluster size in-
creased through the first 7 days of culture; however, cluster
size decreased between days 7 and 14, such that the day 14
cluster size was not different from initial measurements.
Cluster size range also narrowed by day 14 such that all
remaining clusters were below 125pm in diameter (Fig. 7c,
dotted line).

Discussion

Here we describe the in vitro culture of pancreatic pre-
cursor cell clusters in mechanically supportive PEGCol
hydrogels as a platform for testing the utility of a gamma-
secretase inhibitor to promote selective endocrine differenti-
ation. In the control medium, breakthrough insulin+ cell
differentiation was observed; however, the majority of cells
remained negative for exocrine or endocrine markers. These
results are consistent with (1) an in vivo study in which ec-
topic Notch activation before and during the secondary
transition promoted maintenance of undifferentiated epi-
thelium® and (2) an in vitro mesenchyme-free whole bud
culture study in which differentiation also failed to prog-
ress.”® If the pancreatic precursor cells utilized for this study
had been left in vivo for a comparable 7 days of differentia-
tion (i.e.,, E.15 through birth), substantial exocrine and en-
docrine development would have occurred; however,
repression of differentiation remains dominant in our
cultures. We hypothesize that the predominant signal in our
in vitro cultures is cell-cell signaling, including Notch
receptor-ligand interactions that lead to stunted differentia-
tion; therefore, our cultures are directed by Notch signaling
to a greater degree than would occur within the complex
milieu of signals that comprises the in vivo environment.

Although active Notch signaling has been linked to cell
proliferation and interrupted Notch signaling to organ hy-
poplasia,'”?' our cultures demonstrated proliferative capac-
ity with and without gamma-secretase inhibitor. Further,
DNA concentrations on both days 7 and 14 were higher in
cultures supplemented with gamma-secretase inhibitor,
suggesting that differentiated cells have greater long-term
viability in our PEGCol hydrogels. These data support the
hypothesis that Notch signaling specifically effects cell dif-
ferentiation without a direct role in cell proliferation, such
that cells maintain a proliferative capacity appropriate to the
stage of differentiation that is independent of Notch signal-
ing. The disconnection between Notch signaling and prolif-
eration observed in our cultures is similar to in vivo data,
where ectopic Notch activation results in a smaller pancreatic
cell mass compared to wild-type controls.*

Precursor cell aggregates undergo islet-like differentiation
over 14 days in culture when encapsulated in PEGCol hy-
drogels and exposed to gamma-secretase inhibitor. Although
other signaling pathways may be interrupted, decreased
Hes1 expression in our cultures, coupled with prior in vivo
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14 days of y-
secretase inhibitor

Immunostaining of day 14 cultures. PEGCol hydrogel sections were incubated with antibodies directed against

insulin (a—c), glucagon (d—f), and Ki67 (g-i), and representative images are shown from control cultures (a, d, g) and cultures
exposed to 7 (b, e, h) or 14 (c, £, i) days of y-secretase inhibitor. In the control medium, insulin+ cells remain the minority
population in cell clusters (a). Scattered glucagon+ cells are also present in control cultures (d). In conditions where y-
secretase inhibitor was added to the medium for either 7 or 14 days, insulin+ cells are the predominant cell type found in all
remaining encapsulated clusters (b, c). Glucagon+- cells are also apparent within each cell cluster (e, f). Only a few scattered
Ki67+ proliferative cells remained on day 14 in any condition (g—i), suggesting either a decrease in proliferative capacity over
time or, in the y-secretase inhibitor—exposed conditions, a decrease in proliferative capacity with increasing differentiation.
Scale bar, 20 um. Color images available online at www. liebertonline.com/ten.

studies,®® supports our hypothesis that enhanced islet-like
differentiation is due to the gamma-secretase inhibitor’s
ability to block Notch signaling. Ngn3 is transiently ex-
pressed during pancreatic development by differentiating
endocrine cells,* and cultures exposed to gamma-secretase
inhibitor transition through a period of elevated Ngn3 ex-
pression compared to controls, thus indicating a period of
enhanced endocrine specification similar to that observed in
Hes1~/~ mice in vivo." By day 14, when cultures are com-
posed predominantly of differentiated endocrine cells, Ngn3
expression was undetectable in gamma-secretase inhibitor—
treated cultures, consistent with the fact that Ngn3 is not
expressed in hormone+ endocrine cells 3334 Additionally,
exposure to gamma-secretase inhibitor significantly en-
hanced beta cell differentiation, as evidenced by elevated Ins
and Pdx1 expression and increased numbers of insulin+ cells
on culture days 7 and 14. Pdx1 is present in low levels in all
pancreatic precursor cells, but restricted to and highly ex-
pressed in differentiated beta cells as development pro-
gresses. > MafA expression and GIt2 expression are also

indicative of beta cell differentiation and likewise were ele-
vated in gamma-secretase inhibitor—exposed cultures on day
14. Taken together, these results indicate that the addition of
gamma-secretase inhibitor successfully interrupted the
Notch signaling pathway and enhanced beta cell differenti-
ation and maturation of encapsulated precursor cell clusters
over the 2-week culture period. The abundance of beta cells
in day 14 cultures could also be explained by beta cell pro-
liferation; however, the diminished Ki67+ staining on day 14
when the majority of cell in clusters are insulin+ and the lack
of insulin+ cell clusters in the control cultures makes this
explanation unlikely.

Pancreatic precursor cells isolated just before the second-
ary transition have a default differentiation tendency toward
an endocrine, and specifically a beta cell, fate.'*?® Therefore,
we propose that upon removal of the repressive Notch sig-
naling, clusters of precursor cells in our hydrogel culture
platform are allowed to proceed down their default devel-
opmental pathway, resulting in the differentiation of pre-
cursor cell aggregates into islet-like clusters. The results from
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FIG.7. DNA content, cluster size, and cluster viability through 14 days of culture. (a, b) DNA measurements were made on
the supernatant of homogenized PEGCol hydrogel cultures from all conditions after 7 (a) and 14 (b) days of culture. Values
shown are as mean £+ SEM and are normalized to the control condition. ***p < 0.001 compared to time-matched control. (c)
Median cluster size (solid horizontal lines), interquartile range bounded by the upper and lower quartiles (gray bars), and
cluster size range (whiskers) are shown on days 0, 7, and 14 for cultures exposed to y-secretase inhibitor. Dotted line denotes
a cluster size of 125 um. Day 14 values shown in (c) include measurements from cultures exposed to both 7 and 14 days of y-
secretase inhibitor, as no cluster size differences were observed between these two conditions. ¥p < 0.001 and p < 0.05 for day
7 mean cluster size compared to day O and 14, respectively. (d, e) Live/Dead images of cultures exposed to y-secretase
inhibitor for 7 (d) or 14 (e) days. Larger clusters are apparent on day 7 compared with day 14. Scale bar, 50 pm. Color images

available online at www liebertonline.com/ten.

our study appear to conflict with recent data showing that
culturing an intact pancreatic bud with a gamma-secretase
inhibitor for 5 days increases the number of differentiating
Ngn3+ endocrine progenitor cells but does not facilitate
insulin+ beta cell differentiation.’” The authors hypothesized
that this phenomenon was due to signals from remaining
mesenchyme acting downstream of Ngn3 expression to
prevent beta cell differentiation. We have shown previously
that mesenchymal cells do not survive culture in PEGCol
hydrogels,”® both explaining this discrepancy and high-
lighting a benefit of culturing within a synthetic PEG hy-
drogel platform.

Interestingly, transient (7 day) and continuous (14 day)
exposure to gamma-secretase inhibitor resulted in equivalent
beta cell differentiation, as measured by gene expression,
total insulin content, and GSIR values. Hes1 gene expression
rebounded in medium-switched cultures, indicating contin-
ued competence of the Notch signaling pathway; however,
the ultimate composition of the cultures was unaffected by
this Notch signaling reactivation. Pancreatic precursor cells
and committed Ngn3+ endocrine precursors are sensitive to
Notch signaling; however, fully differentiated beta cells are
not® In vivo ectopic Notch signaling activation arrests
pancreatic precursor cell differentiation and, when coupled

to Ngn3 expression, halts the differentiation of endocrine
progenitors into fully differentiated cells.'”*" The gamma-
secretase inhibitor used in this study (DAPT) has been shown
to persist in cell culture 3-4 days after application,® which
would allow for the continued gamma-secretase inhibitor—
mediated differentiation of endocrine-committed Ngn3-
expressing cells into fully differentiated Notch-insensitive
cells even after the day 7 medium switch.

Differentiated islet-like clusters within our PEGCol hydro-
gel cultures contain insulin at levels comparable to mature
rodent islets. Insulin per DNA values (ng insulin/ng DNA)
for cultured rat islets are ~2* and for freshly isolated rodent
islets are between 3.5 and 4. Our cultures compare favorably
to the freshly isolated islets, as day 14 insulin per DNA values
were 4.6 and 4.1 when exposed to 7 or 14 days of gamma-
secretase inhibitor, respectively. These results were confirmed
by proinsulin measurements consistent with known proinsu-
lin to insulin ratios,? making it highly unlikely that these
measurements were a result of insulin uptake from the me-
dium. Additionally, pancreatic precursor cell clusters encap-
sulated in a PEGCol hydrogel culture platform and exposed to
gamma-secretase inhibitor were glucose responsive by day 7
(GSIR ~3.3), and maintained their glucose responsiveness for
an additional 7 days in culture (GSIR ~3). Adult rat islets
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cultured in the same medium used for our study (RPMI;
11mM glucose) have GSIR values of ~3.4 and ~2.8 after 4
and 7 days of culture, respectively,”’41 indicating that our
differentiated islet-like clusters had comparable GSIR values
to those reported for mature islets. In contrast to functional
differentiation of precursor cell clusters, we have previously
demonstrated that encapsulated and differentiated single cells
do not differentially release insulin in response to changes in
medium glucose concentrations,™* a result consistent with
single adult beta cells."”

After significantly increasing in size from day 0 to 7, dif-
ferentiated islet-like clusters on day 14 are all below 125 pm
in diameter, a cutoff above which mature isolated rat islets
have lower in vitro viability and stimulated insulin release, as
well as a diminished in vivo efficacy.*” Among necessary
nutrients for cell growth, oxygen availability is typically
limiting due to its low solubility in the absence of a carrier
protein such as hemoglobin,43 and studies indicate that the
maximum size of islets that maintain sufficient oxygen dif-
fusion ranges from 100 to 150 um.****> Our data demonstrate
that encapsulated cell clusters transition through a period of
proliferation and increasing cluster size; however, once dif-
ferentiation commences, differentiating islet-like clusters self-
regulate to a size conducive for sufficient oxygen diffusion
throughout the aggregate.

In summary, we report in this study the in vitro differen-
tiation of induced clusters of undifferentiated embryonic
pancreatic precursor cells into islet-like structures within a
synthetic hydrogel platform. We have shown that inhibiting
Notch signaling between neighboring precursor cells within
clusters permits islet-like differentiation; conversely, when
Notch signaling is not interrupted, only scattered insulin+
cells are observed. After 2 weeks in culture, clusters of pre-
cursor cells encapsulated within a PEGCol hydrogel and
exposed to gamma-secretase inhibitor have similar insulin
contents to those of freshly isolated adult rodent islets. Ad-
ditionally, glucose responsiveness is comparable to mature
islets cultured in similar base media. Cluster counts on day
14 are 88% of those on day 0, indicating excellent mainte-
nance of cluster viability. Importantly, robust viability and
islet-like differentiation were achieved in a transplantable
scaffold known to protect encapsulated islets from immune
infiltration.”® This study highlights the utility of the me-
chanically supportive and bioinert hydrogel culture platform
to investigate specific effects of individual signaling mole-
cules and pathways on pancreatic precursor cell develop-
ment. Further, understanding how to convert Pdx1+ precursor
cells into mature glucose-responsive beta cells in vitro is an
important step toward creating a cell source that can replace or
augment cadaveric islet donors. Progress has been made to-
ward the meaningful differentiation of human embryonic stem
cells into functional beta cells®'’; however, successful dif-
ferentiation has so far only been demonstrated after in vivo
implantation."" If heterogeneous and undifferentiated embry-
onic-derived tissue could be terminally differentiated in vitro
before implantation, a significant reduction in the risk associ-
ated with these potentially unlimited cell sources could be
achieved. Our study suggests that a combination of precursor
cell clustering, hydrogel encapsulation, and exposure to gam-
ma-secretase inhibitor may provide an in vitro platform to fa-
cilitate final stages of differentiation from precursor cells into
mature islet-like clusters.
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