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Our experimental approach toward the development of new islet-based treatment for diabetes mellitus has
been the creation of a monolayered islet cell construct (islet cell sheet), followed by its transplantation into
a subcutaneous pocket. Previous studies describe rat laminin-5 (chain composition: a3, 3, Y2) as a suitable
extracellular matrix (ECM) for surfaces comprised of a coated temperature-responsive polymer, poly(N-
isopropylacrylamide) (PIPAAm). To progress toward the clinical application of this approach, the present study
attempted to identify an optimal human ECM as a coating material on PIPAAm surfaces, which allowed islet
cells to attach on the surfaces and subsequently to be harvested as a monolithic cell sheet. Dispersed rat islet
cells were seeded onto PIPAAm dishes coated with various human laminin isotypes: human laminin (HL)-211,
HL-332, HL-411, HL-511, and HL-placenta. Plating efficiency at day 1, the confluency at day 3, and glucose-
stimulated insulin secretion test at day 3 were performed. The highest value of plating efficiency was found
in the HL-332-PIPAAm group (83.1+0.7%). The HL-332-PIPAAm group also showed the highest cellular
confluency (98.6+0.5%). Islet cells cultured on the HL-332-PIPAAm surfaces showed a positive response
in the glucose-stimulated insulin secretion test. By reducing culture temperature from 37°C to 20°C in the
HL-332-PIPAAm group, cells were able to be harvested as a monolithic islet sheet. The present study showed

that HL-332 was an optimal human-derived ECM on a PIPAAm coating for preparing islet cell sheets.
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INTRODUCTION

Cell-based therapy using human pancreatic islets pos-
sesses a great potential to provide a metabolic stability for
patients with type 1 diabetes and diabetic patients who
received a total pancreatectomy (24,26,29). Currently,
treatment procedures have been based on infusing islets
into the portal circulation for delivering cells to portal
pedicles in the liver. However, treatment with portally
infused islets was found to be associated with various com-
plications including an instant blood-mediated inflam-
matory reaction. In addition, the cells are exposed to
cytotoxic immunosuppressive drugs, resulting in a state
of poor graft survival (4,11,22,31). For treating type 1
diabetes patients with the increasing burden of medical
cost, the development of new approaches designating a
bioengineered islet system in vivo is highly anticipated.

Our experimental approach to develop a neo-islet sys-
tem in vivo has been based on the creation of islet cell
sheets (15,16,25,27,28,33). Our group has recently estab-
lished a reliable technology for creating transplantable
monolayer islet cell sheets, which are transplanted to the
subcutaneous spot of an animal model utilizing a sim-
ple procedure by handling the sheet as a patch (25,28).
This procedure was found to be able to create functional
neo-islet tissues in the subcutaneous site. The ectopically
engineered neo-islet tissue in diabetic mouse successfully
allows diabetic status to change to a normal glycemic sta-
tus, which is observed long term. As an important fea-
ture, the cell sheet has a uniformly contiguous layer of
islet cells keeping their intrinsic intercellular functional
connections (15,25,28). A culture surface, where temper-
ature-responsive polymer, poly(N-isopropylacrylamide)
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(PTIPAAm), has been covalently grafted at a nanometer
scale with a subsequent coating of rat laminin-5 (chain
composition: 3, B3, y2), is the principle technology for
creating islet cell sheets (17,28).

The successful creations of neo-islet tissue in rodents
have encouraged us to move forward for transforming this
islet cell sheet-based approach into clinical use. To step
ahead toward the clinical application of this approach, the
present study attempted to identify optimal human extra-
cellular matrix (ECM) as a coating material on PIPAAm
surfaces, which allowed islet cells to attach on the sur-
face and the subsequent cell harvesting as a cell sheet.
Optimization was carried out in terms of islet cell attach-
ment, expansion, and cellular functions. In addition, this
study also investigated the cellular composition of islet
cell sheets harvested from the PIPAAm surfaces coated
with the identified optimal isotype of human laminin.

MATERIALS AND METHODS
Preparation of Dispersed Islet Cells

Pancreatic islets were isolated from Lewis rats (8- to
12-week-old males; Charles River, Yokohama, Japan) as
previously reported (10,28). Briefly, after being injected
with type V collagenase solution (Sigma-Aldrich, St. Louis,
MO, USA) through the common bile duct of the rat under
general anesthesia, the pancreas was removed from the ani-
mal and allowed to be digested for 16~20 min at 37°C. Islets
were then purified by density gradient centrifugation with
Histopaque (Sigma-Aldrich) followed by a handpicking
maneuver. Purified islets were subsequently cultured with
Roswell Park Memorial Institute (RPMI)-1640 medium
(Sigma-Aldrich) containing 10% fetal bovine serum (FBS;
Thermo Fisher Scientific, Waltham, MA, USA) overnight.
On the following day, dispersed single islet cells were
obtained by incubating with 0.125% trypsin—ethylenedi-
aminetetraacetic acid (EDTA) (Thermo Fisher Scientific).
Cell viability was then determined by trypan blue (Sigma-
Aldrich) exclusion test. In this study, experiments were
conducted only when dispersed islet cell viability exceeded
90%. All animal experiments were performed with the
approval of the Institutional Animal Care and Use Commit-
tee of Tokyo Women’s Medical University, Tokyo, Japan.

Preparation of Temperature-Responsive
Culture Surfaces

Culture surfaces especially for fabricating islet cell sheets
were prepared as described previously with slight modifica-
tions (28). In brief, 24-well culture dishes (Thermo Fisher
Scientific) were covalently grafted with a temperature-
responsive polymer, PIPAAm, with approximately three
times PIPAAm amount than that of commercially available
PIPAAm dishes (UpCell; CellSeed, Tokyo, Japan) accord-
ing to the polymer grafting procedure as described previ-
ously (17). Culture surfaces were further coated for 2 h with
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various isotypes of laminins: human recombinant laminin-
211 (HL-211; 5 pg/cm?; Bio Lamina, Stockholm, Sweden),
human recombinant laminin-411 (HL-411; 5 pg/cm?, Bio
Lamina), human recombinant laminin-511 (HL-511; 5 pg/
cm?; Bio Lamina), human laminin placenta (2 pg/cm?;
Sigma-Aldrich), or human recombinant laminin-332
(HL-332; 0.2 pg/cm?; Oriental Yeast, Tokyo, Japan). As the
positive control, the previously optimized culture surfaces
coated with rat laminin-5 (0.2 pg cm? EMD Millipore,
Billerica, MA, USA) were used (28). After incuba-
tion, dishes were gently washed twice with 1x phosphate-
buffered saline (PBS; Sigma-Aldrich). Coating procedures
were conducted according to the manufacturer’s instruction.

Culture of Dispersed Islet Cells

Dispersed rat islet cells resuspended in RPMI-1640
medium containing 10% FBS were plated on laminin-
coated PIPAAm dishes at a density of 0.5x 10° cells/cm?
and cultured at 37°C. Twenty-four hours later, the cul-
ture dishes were washed to remove nonattached cells and
replenished with RPMI-1640 containing 10% FBS. At
48 h, medium was changed with fresh medium, and islet
cells were cultured for an additional 24 h at 37°C.

Measuring of Plating Efficiency and Confluency

Atday 1 (24 h after cell seeding), attached islet cells were
counted in four randomly selected fields per dish at a mag-
nification of 200 (n=4 per each group). Plating efficiency
of islet cells was expressed by the percentage of the num-
ber of attached islet cells per the total number of plated islet
cells. At day 3, there was an islet cell confluency, which was
expressed as the percentage of total surface area of attached
cells per culture surface area (n=4 per each group).

Insulin Secretion Assay

At day 3, insulin secretion assay was conducted as
described previously (28). In brief, the culture media was
changed with fresh RPMI media containing 3.3 mmol/L
glucose, and cells were cultured for 180 min. After this
incubation step, cells were then incubated with RPMI
media containing 3.3 mmol/L glucose for 60 min and then
with RPMI containing 20 mmol/L glucose for 60 min. For
the final step, cells were incubated with RPMI media con-
taining 3.3 mmol/L glucose for 60 min. At the end of each
time point, the culture medium was collected and kept fro-
zen at —20°C until analysis. The amount of secreted insulin
in the culture media (n=3 per time point) was measured
by the Mercodia Ultrasensitive Rat Insulin enzyme-linked
immunosorbent assay (ELISA) kit (Mercodia, Uppsala,
Sweden). The insulin stimulation index (SI) was calculated
by the following equation. SI=[insulin], /[insulin], ., where
[insulin], and [insulin], , represent insulin concentrations
in medium containing 20 mmol/L. glucose and that of
3.3 mmol/L glucose at the initial incubation, respectively.
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Electron Microscopy Analysis of Harvested
Islet Cell Sheets

At day 3, islet cells cultured on PIPAAm surfaces
coated with HL-332 were harvested as a cell sheet for-
mat by reducing culture temperature from 37°C to 20°C
for 30 min. This temperature reduction initiated an auto-
matic alteration of PIPAAm character from hydrophobic to
hydrophilic, resulting in the spontaneous detachment of the
cell sheet from culture surfaces. A piece of wet supporting
membrane (CellShifter; CellSeed) was put on islet cells,
which were harvested as a contagious cell sheet with the
membrane. Harvested islet cell sheet was then fixed with
2% glutaraldehyde (Sigma-Aldrich) in 0.1 mol/L phosphate
buffer and postfixed with 1% osmium tetroxide (Sigma-
Aldrich). Fixed specimens were dehydrated by ethanol and
embedded with TAAB EPSON 812 (Taab Laboratories
Equipment, Berkshire, UK). The ultrathin sections (80 nm
in thickness) of sheet samples were observed by a trans-
mission electron microscope (JEM1200EX; JEOL, Tokyo,
Japan) at 80 kV.

Immunohistochemical Analyses

Cultured islet cells at day 3 were fixed with 4% para-
formaldehyde (Wako, Osaka, Japan), rinsed with PBS,
and nonspecific binding sites were blocked with 10%
goat serum (Vector, Burlingame, CA, USA) for 30 min.
The cells were incubated with guinea pig polyclonal
anti-insulin antibody (diluted 1:50; Abcam, Cambridge,
UK), mouse monoclonal anti-glucagon antibody (diluted
1:2,000; Abcam), or rabbit polyclonal anti-somatostatin
antibody (diluted 1:500; Abcam). For fluorescence immu-
nohistochemistry, Alexa Fluor 488 goat anti-guinea pig
IgG and Alexa Fluor 594 goat anti-mouse IgG, and Alexa
Fluor 488 goat anti-rabbit IgG (Thermo Fisher Scientific)
were used as the secondly antibodies. Nuclear DNA was
stained with 300 nM 4’,6-diamidino-2-phenylindole (DAPTI,
Thermo Fisher Scientific).

Statistical Analyses

All values in the present study were expressed as
the mean +standard deviation (SD). The significance of
the differences between groups was tested by one-way
ANOVA followed by Scheffe’s least significant differ-
ence post hoc analysis using PASW Statistics 18 software
(IBM Japan, Tokyo). A probability value of less than 0.05
was considered to be statistically significant.

RESULTS

Examination of Human Laminin Isotypes for
Adherent Culture of Dispersed Islet Cells

In order to determine a suitable human laminin (HL)
that enables efficient adhesion of dispersed islet cells,
PIPAAm dishes were coated with various isotypes of
HLs, including HL-placenta and recombinant HL-211,
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HL-332, HL-411, and HL-511. Dispersed rat pancreatic
islet cells were seeded onto PIPAAm dishes. Plating effi-
ciency atday 1 showed that PIPAAm with HL-332 surface
provided a significantly higher level of cell attachment
than those with the other human HL isotypes (Fig. 1).
To investigate a possible further cellular adherence and
extension on these PIPAAm surfaces, the cell confluency
was observed at day 3. As shown in Figure 2, cells on
PIPAAm with HL-332 and rat laminin-5 showed nearly
full confluent status, while PIPAAm with the other HL
isotypes failed to provide such a confluent status.

Functional Assessment of the Adherent Islet Cells
on HL-Coated PIPAAm Surfaces

Biological functionality of the cultured islet cells was
assessed by their ability to secrete insulin in response to a
different level of glucose exposure. At an initial phase of
lower basal glucose level (3.3 mmol/L), cells on PIPAAm
coated with HL-332, HL-511, and rat laminin-5 secreted
the higher amount of insulin than those on the other cul-
ture surfaces (Fig. 3). At a higher glucose concentration
(20 mmol/L), PIPAAm coated with HL-332 was found
to provide the highest insulin secretion among the three
culture surfaces. The stimulation index for the cells on
PIPAAm with HL-332 was 1.73x0.1 (n=3). These
results indicated that HL-332 was the most adequate
human laminin isotype as a coating extracellular matrix
on PIPAAm for providing the suitable attachment and
subsequent functionality of dispersed islet cells.

Cellular Composition of Islet Cell Sheets
on PIPAAm Coated With HL-332

Since the islets are composed of microregions con-
taining at least four types of endocrine cells, the cellular
composition of islet cells cultured on PIPAAm coated
with HL-332 for 3 days was investigated. The three
major cell types were immunohistochemically investi-
gated by immunostaining for insulin (B-cells), glucagon
(0oi-cells), and somatostatin (8-cells) (Fig. 4). From these
images, the ratios of o, B-, and 3-cells were calculated to
be 79.5+£5.0%, 18.2+4.6%, and 2.2+0.5% respectively
(n=4).

Harvesting Islet Cell Sheets and Electron
Microscopic Analysis

To examine if islet cells cultured on PIPAAm coated
with HL-332 were able to be harvested as a cell sheet
format, culture temperature was temporarily reduced
from 37°C to 20°C for 30 min at day 3. This temperature
reduction initiated an islet cell detachment from PIPAAm
culture surfaces. With the help of a piece of supporting
membrane over the cells, cells were successfully har-
vested as an intact sheet format. Transmission electron
microscopic observation of harvested islet cell sheet
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Figure 1. Dispersed islet cells adhered on temperature-responsive polymer, poly(N-isopropylacrylamide) (PIPAAm) dishes coated
with various human laminins. Dispersed rat islet cells were plated at a density of 0.5x 10° cells/cm?, and cell attachment status was
assessed at day 1. Representative images of plated islet cells on PIPAAm dishes coated with (A) human laminin (HL)-332, (B) HL-511,
and (C) HL-411. (D) Plating efficiencies expressed by the percentage of the number of attached islet cells against the total number of
plated islet cells (n=4). Scale bars: 100 um. *p <0.05 compared among the groups by one-way ANOVA with Scheffe’s least significant

difference post hoc test.

showed a monolayered structure containing tight junc-
tions between islet cells (Fig. 5). Furthermore, numerous
insulin secretion granules were also observed in the cyto-
plasm of cells expressing characteristics as a metaboli-
cally active islet tissue format (Fig. 5B).

DISCUSSION

This study demonstrated that HL-332 was the most
suitable human laminin isotype, for coating a PIPAAm
grafted culture dish, and it allowed the dispersed islet
cells to grow to confluence and become a cell monolayer
secreting insulin on the culture dish. The cell monolayer
was found to contain B-cells as well as o-cells and d-cells
in its structure, and detached from the culture surface as
a contiguous cell sheet by reducing the temperature from
37°C to 20°C for 30 min. Electron microscopy found cell-
to-cell connections as the tight junctions in the cell sheet
and insulin granules in the cytoplasm. On the other hand,

dispersed islet cells seeded on a PIPAAm graft culture
dish without the HL-332 coating were found to hardly
grow. HL-332 was an adequate human laminin isoform
for obtaining an islet cell monolayer on PIPAAm grafted
culture dish.

Our previous study has found that the most suitable
ECM is rat laminin-5 for preparing functional islet sheets
on PIPA Am-grafted culture dishes, and the optimal amount
of PIPAAm grafted to a culture dish is found to be larger
than that of conventional PIPAAm dish for keeping and
detaching cells as an islet cell sheet (28). In addition, by
transplanting the islet cell sheets in the subcutaneous site
of diabetic severe combined immune deficiency (SCID)
mouse, newly appeared functional islet tissues are observed
and found to allow hyperglycemia to be improved (25).
For applying islet cell sheets to the clinical treatment of
diabetes mellitus, human islet cell sheets must be prepared.
No report describing the culture surface preparation with
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Figure 2. Morphology and confluent status of islet cells at day 3. Dispersed rat islet cells were plated at a density of 0.5x 10° cells/
cm?, and cell confluency was assessed. Representative images of cultured islet cells on temperature-responsive polymer, poly(N-
isopropylacrylamide) (PIPAAm) dishes coated with (A) human laminin (HL)-332, (B) HL-511, and (C) HL-411. (D) Confluency of
dispersed islet cells cultured on PIPAAm dishes coated with various human laminins (n=4). Scale bars: 100 um. *p <0.05 compared
among the groups by one-way ANOVA with Scheffe’s least significant difference post hoc test.

adequate human ECM coating for producing islet cell
sheets on PIPA A graft culture dishes was found. Therefore,
this study investigated the most suitable human ECM for
coating PIPAAm graft culture dishes for preparing islet
cell sheets.

Laminins are cross-shaped heterotrimeric glycoproteins
consisting of three polypeptide chains (0i-, 3-, and y-chains)
(8,30). Fifteen isoforms of laminin isotypes are known with
the different combinations of the polypeptide chains (7).
The basement membrane (BM) of various cells, including
nerve cells and keratinocytes, contains laminins, which play
important roles in cellular adhesion, migration, prolifera-
tion, differentiation, and apoptosis through the interaction
with integrins (1,7). In pancreas, laminin-111 is found in the
BM in the epithelium of mouse pancreatic ducts; laminin-
511, in the BM of acinar cells; and laminin-411 and 211, in
the BM of blood vessels (13). In our previous study, among
rat laminin-1 (chain composition: o1, B1, y1), rat laminin-5
(chain composition: o3, B3, y2), and type 1 collagen, rat
laminin-5 was found to be the most adequate ECM (28).

This study attempted to search the most suitable laminin
isotype from HL-211, -332, -411, -511, and HL-placenta for
the purpose of islet tissue engineering.

Laminin-332, which was found to be the most suit-
able ECM for culturing a rat islet cell sheets on PIPAAm
grafted culture dish, is an extracellular matrix binding
with integrin o3B1 that is intensely expressed on the
membrane of islet cells (14,19). Integrin B1 contributes
to the attachment of islet B-cells to the matrix and their
insulin secretion through the interaction with laminin-
332 (19). Bosco et al. (5) have reported that the amount
of insulin secreted from rat B-cells is increased two times
on a culture dish with a high dose of laminin-332 pro-
duced by 804G cells. Laminin-332 is known to contribute
to the proliferation of cells, as well as the protection of
B-cells from apoptosis, which is induced by proinflam-
matory cytokines such as interleukin-1p, interferon-y,
and tumor necrosis factor-o (2,5,12,19). Since laminin-
332 is expressed in rat and human B-cells (19), HL-332
was speculated to be the most suitable human laminin
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Figure 3. Insulin secretion of cultured islet cells in response to glucose stimulation. At day 3 of culture experiment, cells were incu-
bated with 3.3 mmol/L glucose for 60 min as the first glucose treatment, 20 mmol/L glucose for 60 min as the second treatment, and
3.3 mmol/L glucose for 60 min as the final treatment (n=4 for each coated surface). The columns (a) in three step treatments represent
the amounts of secreted insulin from dispersed islet cells cultured on temperature-responsive polymer, poly (N-isopropylacrylamide)
(PIPAAm) dishes (the negative control). The columns (b, ¢, d, e, and f) represent the amounts of secreted insulin from dispersed islet
cells cultured on PIPAAm dishes coated with rat laninin-5 (the positive control), human laminin (HL)-211, HL-332, HL-411, and
HL-511, respectively.

Figure 4. Profile of dispersed islet cells cultured on temperature-responsive polymer, poly(N-isopropylacrylamide) (PIPAAm) dishes
coated with human laminin-332. To confirm the presence of cytoplasmic insulin, glucagon, and somatostatin of cultured islet cells on
PIPAAm culture dishes, cells at day 3 were immunostained by fluorescence method. (A) Insulin-positive cells (B-cells) and glucagon-
positive cells (o-cells) were stained green and red, respectively. Nuclei were stained blue. (B) Somatostatin-positive cells (8-cells)
were stained green. Nuclei were stained blue. Scale bars: 100 pm.
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Figure 5. Transmission electron microscopic images of an islet
cell sheet harvested at day 3 from a temperature-responsive
polymer, poly(N-isopropylacrylamide) (PIPAAm) dish coated
with human laminin-332. Culture temperature was reduced to
20°C for 30 min for inducing natural cell detachment from the
dish and harvesting as a cell sheet. (A) Monolayered configura-
tion of the harvested islet cell sheet. (B) Numerous dense-cored
insulin secretion granules in the cytoplasm. Tight junctions
(arrows) were formed between the islet cells within the cell
sheet. Scale bars: 2 um (A), 500 nm (B).

isotype for preparing human islet cell sheets on PIPAAm
grafted culture dishes.

Rodent pancreas islets contain at least three different
types of endocrine cells with the estimated cell popu-
lation being 70-80% for B-cells, 10-20% for o-cells,
and 2-5% for &-cells (3,6). In the present study, dis-
persed islet cells from purified islets by a handpicking
maneuver were plated on HL-coated PIPAAm surfaces.
Histological analyses revealed that the cellular propor-
tion of these endocrine cells in islet cell sheets made
on HL-332-PIPAAm surfaces was nearly identical with
those of naive islets. The data indicated that the HL-332-
PIPAAm culture surface supported cellular attachment
evenly to all three endocrine cell types. The physiologi-
cal significance of the islet sheets containing -cells and
other cells could be highlighted by following previously
reported findings that glucagon provided by o-cells
positively affects insulin release from B-cells (20,32),
and acetylcholine produced by a-cells interacts with
B-cells as a positive regulator of insulin secretion (23).
Furthermore, cell-to-cell contacts formed among B-cells
and non-P-cells are also important for regulating insu-
lin secretion levels (32). Although these three types of
cells were distributed in the islet sheet without regularity,
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our previous transplantation study demonstrates that
neo-islet tissues formed in the subcutaneous site com-
prised clusters of B-cells surrounded by o-cells, show-
ing a characteristic cellular arrangement of rodent islets
(18,25,27). It has been shown that these cellular rear-
rangements by B-cells and non-B-cells begun as early as
day 4 after the islet cell sheet transplantation (27). Future
studies are needed to investigate the underlying mecha-
nisms for these intermingled different cell components
to rearrange their characteristic formation in vivo.

From our previous experimental findings, neo-islet
engineering approaches into the subcutaneous site by
islet sheet transplantation may bring several benefits in
further developing islet-based therapy (16,25,28). Those
benefits include: [1] treatment can be performed under
minimally invasive procedures, [2] repetitive procedures
could be easily conducted for increasing therapeutic
effects, and [3] avoidance of instant blood-mediated
inflammatory reaction (IBMIR) and other adverse reac-
tions caused by intravenous cell infusion. As another
important benefit, dispersed islet cells would be sus-
ceptible for cryopreservation. It has been described that
cryopreserved isolated islets are reported to be prone
to cellular damage and loss (9,21). In contrast, our
group has recently shown that dispersed islet cells can
be cryopreserved without causing remarkable loss of
viable cells and can be cultured for preparing islet cell
sheets (15). A combination of the islet sheet-based tis-
sue engineering approach and a storage/pooling system
of islet cells would add a great flexibility to clinical islet-
based therapy.

In conclusion, the present study successfully identi-
fied a human laminin isotype that favorably supports
the monolayered culturing of dispersed islet cells on
PIPAAm surfaces. Cultured islet cells were able to be
harvested as a contiguous monolayered cell sheet com-
posed of o-, B-, and d-cells. For translating this tech-
nology to humans, further experiments are awaited for
creating islet cell sheets made of human dispersed islet
cells using HL-332-PIPA Am culture surfaces.
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