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Abstract
Methods to induce islet β-cells from induced pluripotent stem cells or embryonic stem cells have been
established. However, islet β-cells are susceptible to apoptosis under hypoxic conditions, so the technique
used to transplant β-cells must maintain the viability of the cells in vivo. The present study describes the
development of a tricultured cell sheet, which was made by co-culturing islet β-cells, vascular endothelial
cells and mesenchymal stem cells for 1 day. The islet β-cells in the tricultured cell sheet self-organized
into islet-like structures surrounded by a dense vascular network in vitro. Triple-layered tricultured cell
sheets engrafted well after transplantation in vivo and developed into insulin-secreting tissue with
abundant blood vessels and a high density of islet β-cells. We anticipate that the tricultured cell sheet
could be used as an in vitro pseudo-islet model for pharmaceutical testing and may have potential for
development into transplantable grafts for use in regenerative medicine.

Introduction
Subcutaneous administration of exogenous insulin is an essential therapy for type 1 diabetes mellitus
(DM) and an effective option for type 2 DM. The number of people with type 2 DM worldwide and global
insulin requirements are predicted to rise in the near future 1. However, insulin supplies may become
unstable due to human-caused or natural disasters. Therefore, de�nitive therapies for DM are badly
needed. Regenerative medicine offers hope as a new method of treating DM. Researchers in the �eld of
regenerative medicine have already established methods of inducing islet β-cells from induced
pluripotent stem cells (iPSCs) or embryonic stem cells (ESCs) 2, and the focus has now switched to the
development of suitable techniques for transplanting islet β-cells derived from iPSCs or ESCs. The
pancreas has a higher oxygen tension than the liver or kidneys 3, and the islets receive 10% of the
pancreatic blood �ow despite only comprising 1–2% of the pancreatic mass 4. Since the islets have high
blood �ow requirements, it is essential that the method used to transplant islet β-cells maintains the
viability of the cells in the graft.

Many previous studies of islet β-cells have utilized spheroids containing aggregated cells because cell-
cell contact between islet β-cells has been shown to inhibit cell death and increase insulin secretion 5 and
because pancreatic progenitor cells derived from iPSCs can differentiate into mature islet β-cells under
aggregated conditions (in spheroids) but not under non-aggregated conditions 6. However, an important
limitation of the spheroid method is central necrosis due to hypoxia or nutrient deprivation. Islet β-cells
require a stable supply of oxygen and nutrients, hence the size of an islet β-cell spheroid must be
carefully regulated 5. In addition, the transplantation of a suspension of spheroids in vivo results in
dispersion of the transplanted cells, hence the scattered cells would be di�cult to remove in the event of
tumorigenesis or graft versus host disease, which are known severe adverse effects of transplantation.
For the above reasons, the transplantation of spheroids is not considered an optimal method for islet β-
cells derived from iPSCs or ESCs.
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Previous studies have shown that cell sheets harvested from temperature-responsive culture dishes
exhibit good engraftment after transplantation in vivo 7,8. A cell sheet is harvested by decreasing the
temperature to 20℃ without the use of protease solution. This method of harvesting a cell sheet causes
minimal damage to extracellular proteins such as cell adhesion factors, cell-cell binding proteins and the
extracellular matrix, which helps to maintain cell-cell interactions within the cell sheet and promotes
engraftment of the cell sheet after transplantation in vivo 9,10. Another advantage of cell sheets is that
their thickness is constant, so the risk of central necrosis is low. Furthermore, the cells in a sheet do not
disperse after transplantation because the sheet is transplanted as a contiguous two-dimensional tissue.
The advantages described above potentially make cell sheets well suited to the transplantation of islet
cells. Indeed, prior research demonstrated that the transplantation of cell sheets derived from islet cells
attenuated hyperglycemia in a mouse model of DM 11,12. However, mice have a small body size, hence
only two layers of cell sheets were required to achieve a therapeutic effect. The application of this
technique in a clinical setting would require thick tissue containing a large number of islet β-cells, but few
studies have reported the construction of thick tissues comprised of islet β-cells.

Tissue composed of only one or two cell sheets is thin, hence its viability during the early phase of
transplantation can be maintained by the diffusion of oxygen and essential nutrients from the
surrounding tissues. Secure tissue engraftment during the later phase of transplantation is achieved by
the development of a vascular network in the transplanted cell sheets. However, the central part of a large
three-dimensional (3D) tissue constructed from multiple layers of cell sheets would not receive su�cient
oxygen and nutrients after transplantation. As a result, the center of the tissue would undergo necrosis
before a vascular network could develop. This limitation of thick graft tissue means that a vascular
network must be introduced into the thick-tissue before it is transplanted. The establishment of a cell
sheet-based method for constructing 3D islet β-cell tissue with a dense vascular network would facilitate
the development of a transplantation technique with the potential to be applied clinically.

Previously, we reported that the transplantation of triple-layered cell sheets (i.e., three cell sheets stacked
together) containing myocardial cells and vascular endothelial cells (vECs) could be used to construct 3D
cardiomyocyte tissue with a vascular network in vivo and in vitro 13–16. However, it was not known
whether this method could be applied to islet β-cells, which are susceptible to apoptosis under hypoxic
conditions. Therefore, an important aim of the present study was to establish whether the transplantation
of a triple-layered cell sheet could be used to construct thick islet tissue with a dense vascular network.
An additional objective of this study was to evaluate whether the technique could be improved by
culturing islet β-cells with other cell types, namely vECs and mesenchymal stem cells (MSCs), during the
creation of the cell sheets. The latter objective was achieved by comparing the results of transplantation
between tricultured cell sheets (comprising islet β-cells, vECs and MSCs), cocultured cell sheets
(comprising islet β-cells and MSCs), and spheroids of monocultured islet β-cells. vECs were chosen for
coculture with islet β-cells because there is evidence that the viability of vECs in the pancreatic islets is
more important for islet engraftment than the location of the transplant 3, which suggests that the
viability of transplanted islet β-cells might be enhanced by the presence of vECs in the immediate vicinity.
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MSCs were selected for the experiments because the coculture of islet β-cells with MSCs has been shown
to improve insulin secretion, angiogenesis and engraftment in vivo 17. Furthermore, co-transplantation
with MSC sheets has been reported to enhance the engraftment and viability of pancreatic islets in vivo
18,19.

The �ndings of the present study show that tricultured cell sheets exhibited higher levels of engraftment,
islet β-cell density, insulin secretion and vascularization after transplantation than cocultured cell sheets
or monocultured islet β-cells.

Results
Islet β-cells assembled into small clusters under triculture conditions

Tricultured cell sheets were constructed using iGL cells (a clonal INS-1E cell line derived from rat
pancreatic β-cells stably expressing a fusion protein of insulin and Gaussia luciferase [insulin-GLase]) 20,
human adipose-derived stem cells (hASCs), and green �uorescent protein-expressing human umbilical
vein endothelial cells (GFP-HUVECs). One day after cell seeding on the culture dish, the islet β-cells had
assembled into small clusters among the other cells (Fig. 1a–c), and the pseudopodia of vECs were
observed to in�ltrate the intercellular spaces (Fig. 1d). A time-lapse video showing the clustering of islet β-
cells between 1 hour and 1 day after cell seeding is shown in Supplementary Video 1. The vECs appeared
to migrate and form a network between days 1 and 3 after seeding (Fig. 1d). 

Culture for more than 1 day was associated with an increase in insulin secretion by islet β-cells but a
decrease in cell viability

The optimal day to harvest the tricultured cells as a cell sheet was determined by evaluating the time-
dependent changes in the secretion of insulin by the β-cells as well as cell viability. Insulin secretion
(expressed as the luminescence intensity of insulin-GLase) in response to a 20 mM glucose load
increased signi�cantly (P < 0.05) between day 1 (36.1 ± 15.1 ×105 AU) and day 2 (76.9 ± 24.7 ×105 AU)
after seeding but showed a non-signi�cant tendency toward a decrease between day 2 and day 3 (55.6 ±
17.4 ×105 AU; Fig. 1e). Glucose-dependent insulin secretion, expressed as the ratio of insulin-GLase
luminescence in 20 mM glucose to that in 2 mM glucose, did not differ signi�cantly between day 1 (3.6 ±
1.7), day 2 (4.6 ± 0.8) and day 3 (4.0 ± 1.7) (Fig. 1f). The cells were seeded at an over-con�uent density,
which is ideal for cell sheet construction. However, under these conditions, the viability of the cultured
cells decreased signi�cantly over time from 98.9% ± 0.3% on day 1 to 97.1% ± 0.3% on day 2 and 86.9% ±
5.6% on day 3 (P < 0.05 for all pairwise comparisons; Fig. 1d, g). Since insulin secretory function in a
sheet harvested 1 day after cell seeding would likely also increase during the next 24 hours, we prioritized
cell viability over insulin secretory function when selecting the optimal time for cell sheet harvesting.
Therefore, in subsequent experiments, the tricultured cell sheets were harvested from the temperature-
responsive culture dishes at 1 day after cell seeding. 
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Tricultured cells were successfully harvested from a temperature-responsive culture dish as an intact
sheet at 1 day after seeding 

Tricultured cells (iGL cells, GFP-HUVECs and hASCs) on a temperature-responsive culture dish could be
harvested as an intact cell sheet at 1 day after seeding (Fig. 2a, b). The detached cell sheet shrank to
about one-third of the diameter of the 35-mm dish (Fig. 2a), which resulted in cells overlapping in some
parts of the cell sheet (Fig. 2c –e). Cocultured iGL cells and hASCs could also be harvested as a cell sheet
from a temperature-responsive culture dish under the same conditions (Supplementary Fig. 1a–
d). However, cell sheets could not be generated using monocultured iGL cells, likely due to the paucity of
extracellular matrix (Supplementary Fig. 2a–c).  

Islet β-cells and vECs in the tricultured cell sheet self-organized into pancreatic islet tissue with a dense
vascular network in vitro

Next, changes in the morphology of the cells in the tricultured cell sheet over time were evaluated in vitro.
The tricultured cell sheet was transplanted onto the surface of a cylindrical �brin gel and cultured for 3
days (Fig. 3a, b). After 3 days of culture, the vECs in the tricultured cell sheet were observed to have
in�ltrated the intercellular spaces and connected with each other to form tubular-like structures (Fig. 3c,
Supplementary Video 2). On the other hand, when the three cell types were seeded directly on the
cylindrical �brin gel (i.e., not as a cell sheet), the GFP-HUVECs did not form tubular-like structures after 3
days of culture (Supplementary Video 3). The islet β-cells in the tricultured cell sheet were observed to
assemble into small clusters during the 3-day culture period (Fig. 3d). Furthermore, the clusters of islet β-
cells were closely surrounded by endothelial networks and penetrated by the pseudopodia of vECs that
branched off from the endothelial networks (Fig. 3d, e). These results indicate that in vitro culture of cell
sheets containing islet β-cells, vECs and adipose-derived MSCs leads to the development of pancreatic
islet tissue that is associated with a dense vascular endothelial network.   

Islet β-cell sheets containing vECs exhibited the highest levels of insulin secretion after transplantation
onto rat muscle in vivo

The insulin secretory function of monocultured islet β-cells (spheroids), cocultured cell sheets (β-cells and
hASCs) and tricultured cell sheets (β-cells, hASCs and vECs) were compared after transplantation onto
the gluteal muscles of athymic rats (Fig. 4a). Since it was not possible to construct cell sheets from
monocultured islet β-cells (Supplementary Fig. 2a–c), monocultured islet β-cell spheroids were
transplanted instead (Fig. 4b–d and Supplementary Video 4). Triple-layered cell sheets were transplanted
for the triculture and coculture groups (Fig. 4e–g, Supplementary Fig. 1e, f, and Supplementary Video
5). The non-fasting blood glucose levels of the rats were not signi�cantly different among the three
groups either before transplantation or 7 days post-transplantation (Supplementary Fig. 3). However, the
secretion of insulin-GLase from the engrafted iGL cells into the rat circulation at 7 days post-
transplantation was signi�cantly higher in the cocultured cell sheet group than in the monocultured
spheroid group (P < 0.01) and signi�cantly higher in the tricultured cell sheet group than in the cocultured
cell sheet group (P < 0.05) or monocultured spheroid group (P < 0.0001) (Fig. 4h). 
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Transplanted islet β-cell sheets containing vECs formed a dense vascular network that connected with the
vasculature of the muscle of the recipient rat

Megascopic observation of the transplantation region at 7 days post-transplantation revealed no obvious
change in the surface appearance of the muscle in the monocultured spheroid group, whereas the triple-
layered cell sheets were visible as a circular region on the muscle in both the tricultured cell sheet and
cocultured cell sheet groups (Fig. 5a, Supplementary Fig. 4). Furthermore, the region where the tricultured
cell sheets had been transplanted appeared congested with blood (Fig. 5a). Stereomicroscopy and
�uorescence stereomicroscopy revealed that the region where the tricultured cell sheets had been
transplanted contained a dense network of GFP-HUVECs, and this network was observed to contain blood
(Fig. 5b, Supplementary Fig. 4), whereas the region where cocultured cell sheets had been transplanted
appeared white and avascular (Fig. 5a, Supplementary Fig. 4). In agreement with the stereomicroscopy
data, laser Doppler perfusion imaging showed that the level of blood perfusion was signi�cantly higher
for the transplanted tricultured cell sheets than for the transplanted cocultured cell sheets (710.7 ± 40.6
units vs. 508.4 ± 52.5 units, P < 0.001; Fig. 5c, d).  

Transplanted islet β-cell sheets containing vECs engrafted successfully onto muscle and contained a
high density of islet β-cells

Engraftment of the islet β-cells at 7 days after transplantation was evaluated immunohistochemically by
staining the islet β-cells with an anti-insulin antibody (Fig. 6a). The engrafted area was signi�cantly
higher in the cocultured cell sheet group than in the monocultured spheroid group (0.558 ± 0.185 mm2 vs.
0.063 ± 0.052 mm2, P < 0.01) and signi�cantly higher in the tricultured cell sheet group (0.848 ± 0.107
mm2) than in the cocultured cell sheet group (P < 0.05) or monocultured spheroid group (P < 0.001; Fig.
6b). Representative immuno�uorescence images of the region of islet β-cell engraftment are shown in
Fig. 6c; the islet β-cells were immunostained for insulin (red), and the vECs were immunostained for CD31
(green). Since engraftment was much lower for the monocultured spheroids than for the other two
groups, subsequent analyses of the thickness of the engrafted tissue, density of islet β-cells and density
of blood vessels were carried out only for the cocultured cell sheet and tricultured cell sheet groups. The
thickness of the engrafted cell sheets was numerically but non-signi�cantly higher in the tricultured cell
sheet group than in the cocultured cell sheet group (117.9 ± 28.1 µm vs. 84.2 ± 26.6 µm, P = 0.0985; Fig.
6d). Furthermore, the density of islet β-cells in the engrafted cell sheets was signi�cantly higher in the
tricultured cell sheet group than in the cocultured cell sheet group (33.3% ± 2.4% vs. 27.3% ± 2.7%, P <
0.05; Fig. 6e).  

Islet β-cell sheets containing vECs developed dense vascular structures after engraftment

The vascular constructs in the engrafted cells were evaluated by immunohistochemical staining of the
vECs for CD31 (Fig. 6c). Vascular structures were observed in the interstitial space between islet β-cell
clusters for both engrafted cocultured cell sheets and engrafted tricultured cell sheets, whereas few
vascular structures were found in the engrafted monocultured spheroids (Fig. 6c). Notably, the tricultured
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cell sheet group had a signi�cantly higher density of blood vessels than the cocultured cell sheet group
(1751 ± 295 vessels/mm2 vs. 1073 ± 137 vessels/mm2; P < 0.01; Fig. 6f).

Discussion
The present research was designed to assess whether tricultured cell sheets containing islet β-cells, vECs
and MSCs were capable of forming islet tissue with a dense vasculature. Our study has three major
�ndings. First, use of the triculture method resulted in the successful construction of an islet β-cell-
containing cell sheet that had a relatively tear-proof 2D structure and exhibited good viability. Second, the
islet β-cells in the tricultured cell sheet self-organized into islet structures surrounded by a dense vascular
network in vitro. Third, triple-layered tricultured sheets engrafted well after transplantation onto rat muscle
and developed into insulin-secreting tissue with an abundance of blood vessels and a high density of
islet β-cells.

This study successfully established a method of constructing a cell sheet containing three types of cells:
islet β-cells, vECs and MSCs. Prior investigations have described other types of insulin-secreting cell sheet
including a primary-culture pancreatic islet sheet and a pancreatic islet-loaded MSC sheet 11,12,18,19,21.
However, an islet β-cell sheet containing vECs has not been reported previously. Fujita et al. and Saito et
al. published methods for the generation of islet cell sheets from primary rat islets or primary mouse
islets, and both types of cell sheet were shown to exert a hypoglycemic effect in a mouse model of DM
11,12. On the other hand, we were unable to construct cell sheets from iGL cells alone because the planar
cell-cell connections were not maintained when the cells were detached from the temperature-responsive
culture dish. The difference in results between our study and those of Fujita et al. and Saito et al. may be
due to the lack of extracellular matrix (ECM)-secreting cells in our monocultured cell sheet. Nikolova et al.
reported that islet β-cells do not contribute to ECM deposition in the islets 22. Primary islets contain native
MSCs and vECs that secrete ECMs, hence the presence of these cells and their deposition of ECM in the
intercellular space likely permitted the generation of cell sheets from primary rat/mouse islets.
Nevertheless, a support membrane was required to detach a primary islet cell sheet from a temperature-
responsive culture dish and transplant it in vivo 11,12. The failure of monocultured iGL cells to form a cell
sheet most likely resulted from a de�ciency of ECM, and this issue would arise irrespective of whether the
islet β-cells were derived from iPSCs or ESCs. On the other hand, cell sheets were successfully made
using a triculture method, and the tricultured cell sheet was a relatively tear-proof 2D tissue that did not
require the use of a support membrane for transplantation or stacking. Furthermore, the technique used
to construct tricultured cell sheets would be applicable to both iPSC- and ESC-derived islet β-cells. We
anticipate that tricultured cell sheets will prove useful for tissue bioengineering.

The viability of the islet β-cells was an important factor taken into consideration during development of
the method for cell sheet construction. Pancreatic islets have a higher oxygen consumption than many
other tissues 23, and islet β-cells are known to undergo apoptosis under hypoxic conditions 24. In the
clinical setting, pancreatic islets must be transplanted within 2 days of harvesting from a human donor
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because the viability of the islet β-cells decreases over time 25. The construction of a cell sheet requires
con�uent cells, but the dissolved oxygen in the culture medium is rapidly consumed under these
conditions, predisposing to progressive apoptosis of the islet β-cells. A consistent �nding of our
experiments was that cell viability decreased with a longer duration of culture. Based on our results, we
concluded that culture for 1 day was optimal for harvesting a cell sheet from a temperature-responsive
culture dish.

The component cells of the pancreatic islets are organized into clusters surrounded by mesenchymal
cells in both humans and mice 26. In addition, vECs are in close contact with and penetrate the islets. The
close relationship between the islets and vECs is illustrated by the observation that only a basement
membrane separates islet β-cells from vECs in some regions of the islets 27. In the present study, islet β-
cells formed small clusters at 1 day after seeding, although a vEC network was not present at this time
point. However, culture of a harvested cell sheet on a �brin gel for 3 days resulted in the assembly of islet
β-cells into clusters that were separated by tubular vascular structures derived from vECs. Furthermore,
some parts of the vEC network were observed to penetrate the clusters of islet β-cells. These results
suggest that islet β-cells and vECs in a cell sheet self-organize into a islet structure with a dense vascular
network in vitro. However, Supplementary Video 1 shows that formation of a vascular network did not
progress well when the cells were simply seeded onto a culture dish (i.e., were not in the form of a cell
sheet). Our results suggest that self-organization is promoted not only by the combination of cells but
also by the structure inherent to a cell sheet. Research has shown that self-organization requires
heterogeneous cell populations, ECM components and appropriate cell densities, and that differences in
the interactions between the respective cell types and the ECM allow each cell type to assemble and self-
organize 28,29. Kushida et al. reported that a cell sheet undergoes ‘self-shrinkage’ immediately following
detachment from a temperature-responsive culture dish 9. The cell sheets in the present study shrank to
about one-third of the diameter of the culture dish after their detachment, and tissue sections showed
that some of the cells in the cell sheet had adopted a multi-layered structure. This shrinkage of the planar
cellular tissue during detachment from the culture dish causes a rapid increase in both cell density and
ECM density. We have previously described the self-organization of a cell sheet constructed using rat
primary endometrial cells, which initially contained a mixture of epithelial cells and stromal cells:
culturing of a re-adhered cell sheet led to the formation of a two-tiered tissue containing an epithelial
layer and a stromal layer 30. We speculate that a cell sheet may have an appropriate cell density and ECM
density for self-organization as well as adhesion factors on its lower surface. Since cell sheets can be
stably transferred, they could be used to construct tissues in vitro that would be suitable for applications
such as disease modelling and drug testing. In addition, cell sheets have the potential to be stacked to
create thick 3D tissues. Expanding on the present study, we believe that it will be feasible to engineer 3D
pancreas-like tissue in vitro by combining the islet β-cell-containing tricultured cell sheet with the
perfusion culture method described previously for myocardial tissue construction 14,15.

The tricultured cell sheet containing islet β-cells, vECs and MSCs did not have a vascular network on the
�rst day of transplantation. However, the transplantation of three tricultured cell sheets (stacked to make



Page 9/29

a triple-layered construct) onto rat subcutaneous muscle resulted in the formation of vascular-rich tissue.
Notably, the tissue generated from tricultured cell sheets had a greater density of islet β-cells and higher
insulin secretory function than tissue created from cocultured cell sheets that lacked vECs. Moreover, the
tissue that developed from tricultured cell sheets was thicker and had a higher density of islet β-cells than
tissue obtained by transplanting islet β-cell sheets onto the liver 12,19, despite the fact that our sheet was
transplanted onto a less vascular region. There is evidence that MSCs can improve islet engraftment and
insulin secretion by exerting angiogenic, immunosuppressive and antiapoptotic effects through the
secretion of trophic factors such as vascular endothelial growth factor, hepatocyte growth factor,
interleukin-6 and transforming growth factor-β 17,31. Hirabaru et al. and Lee et al. reported that pancreatic
islet-loaded MSC sheets exhibited good engraftment and angiogenesis after transplantation and were
capable of attenuating hyperglycemia in a mouse model of DM 18,19. Our results consistently showed
that cocultured cell sheets containing islet β-cells and MSCs exhibited substantially better engraftment
and insulin secretion after transplantation than monocultured islet β-cell spheroids. Moreover, tricultured
cell sheets demonstrated a larger region of engraftment, a greater abundance of blood vessels and a
higher level of insulin secretion after transplantation than cocultured cell sheets.

However, since the cell sheets in the present study were transplanted before they had formed a vascular
network, they were dependent on the diffusion of oxygen and nutrients from the surrounding tissues
during the early phase of transplantation. Thus, differences in viability between tricultured cell sheets and
cocultured cell sheets cannot be explained solely by differences in blood vessel formation within the cell
sheet. It has been reported that vECs and islet β-cells interact with each other via paracrine factors and
that ECM secreted by vECs exerts an anti-apoptotic effect on islet β-cells and increases their bioactivity.
The vEC-islet interaction is thought to be e�cient in vivo because the cells are in close contact with each
other 4,27,32. In the present study, the transplanted islet β-cells and vECs were in close contact with each
other within the cell sheet, and this may have enhanced the viability of the tricultured cell sheet due to
anti-apoptotic effects exerted via the vEC-islet axis. On the other hand, long-term engraftment of islet β-
cells requires a stable supply of oxygen and nutrients through a vascular network. The present study
demonstrates that transplanted vECs are able to establish a vascular network that communicates with
the recipient’s blood vessels within 1 week. This result suggests that an islet β-cell sheet containing vECs
has the potential to self-organize into pseudo-islets with an abundant vascular network that would show
stable engraftment in the long term. We suggest that the tricultured cell sheet described in this study is
well suited to transplantation in vivo because the presence of vECs in the immediate vicinity of the islet β-
cells supports early and late engraftment of the islet β-cell tissue through vEC-β-cell interactions and the
formation of a vascular network.

We anticipate that further advances in regenerative medicine techniques will allow islet β-cells derived
from iPSCs and ESCs to be applied in the clinical setting, although two important challenges will need to
be overcome for this to happen. First, stem cell-derived β-cells are not su�ciently mature to exert a
hypoglycemic effect, so methods will need to be developed to promote tissue maturation in vivo. Second,
it will be necessary to establish an approach to removing engrafted cells in the event of serious adverse
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effects such as tumor formation or graft-versus host disease. Toyoda et al. found that cell-cell contacts
between islet β-cells in a spheroid promoted the differentiation and maturation of islet β-cells derived
from iPSCs 6. Moreover, coculture with vECs was reported to promote the differentiation of ESC-derived
and iPSC-derived pancreatic progenitor cells into mature pancreatic islet beta cells 33,34. Our tricultured
sheet contains vECs and thus meets the above conditions for the maturation of stem cell-derived β-cells.
Additionally, the present study showed that the transplantation of tricultured cell sheets resulted in the
engraftment of viable islet β-cells and the development of an abundant vascular network. Therefore, a
thick insulin-secreting tissue potentially could be constructed in the subcutaneous space by stacking
tricultured cell sheets in a multistep method, as previously used to engineer thick cardiac tissue 13,14,16,35.
Sequential stacking of triple-layered tricultured cell sheets may have the potential to generate a single
mass of mature islet β-cell tissue that could be removed in the event of a severe adverse effect. Thus, we
believe that our novel procedure is an attractive option for development into a technique for transplanting
stem cell-derived islet β-cells.

Conclusion
Tricultured cell sheets constructed from islet β-cells, MSCs and vECs may have an ECM-rich environment
that promotes self-organization into islet tissue with an abundant vascular network in vitro and in vivo.
The tricultured cell sheet described in this study could be used as a pseudo-islet model for
pharmaceutical testing in vitro and may have potential for development into a transplantable graft for
use in vivo as a regenerative therapy.

Materials And Methods
Ethics

All animal experiments were approved by the Ethics Committee for Animal Experimentation of Tokyo
Women’s Medical University and performed according to the Guidelines of Tokyo Women’s Medical
University on Animal Use. All animals were housed in individual cages with free access to food and water
and maintained at constant room temperature and humidity under a 12-hour light cycle. 

Culture of cells

The rat pancreatic β-cell line, iGL, was provided by Cosmo Bio (Tokyo, Japan) and used at passage 4–9.
The cells were cultured in IGLM medium (Cosmo Bio). ASCs were provided by Lonza Japan (Tokyo,
Japan) and used at passage 3–9. The cells were cultured in KBM-1 medium (Kohjin Bio, Saitama, Japan)
containing 1% penicillin-streptomycin (Life Technologies, Rockville, MD, USA). GFP-HUVECs were
provided by Angio-Proteome (Boston, MA, USA) and used at passage 3–9. The cells were cultured in VEC-
1 medium (Kohjin Bio). 

Preparation of the medium used for the construction of cell sheet and spheroids
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To reduce the risk of vEC dysfunction due to the high glucose level in the medium 36, the concentration of
D-glucose in the medium was adjusted to 8.8 mM by mixing DMEM/F12 medium containing 17.5 mM D-
glucose (Thermo Fisher Scienti�c, Waltham, MA, USA) with D-glucose-free DMEM/F12 medium (Nacalai
Tesuque, Kyoto, Japan) in a 1:1 ratio. For the construction of cell sheets and spheroids, the medium was
adjusted by the addition of 10% fetal bovine serum (FBS), 1% penicillin-streptomycin and 0.007 mM L-
ascorbic acid (Fuji�lm Wako Pure Chemical, Osaka, Japan). Additionally, 0.5 µg laminin-332 (Reprocell,
Kanagawa, Japan) was added to each well immediately after the cells had been seeded. 

Preparation of cocultured and tricultured cell sheets

The tricultured cell sheets were made from iGL cells, GFP-HUVECs and hASCs in a ratio of 9:2:6. The
cocultured cell sheets were constructed from iGL cells and hASCs in a ratio of 9:8. Both types of cell
sheet were developed using a 35-mm temperature-responsive dish (Up cell E-type: CellSeed, Tokyo,
Japan). The dish was coated with FBS overnight, and then 1.6 × 106 cells were seeded onto the dish and
cultured at 37°C in a humidi�ed atmosphere containing 5% CO2. The next day, the cells were transferred
to another incubator for 1 hour at 20°C to detach them as an intact cell sheet (Fig. 2a–c, Supplementary
Fig. 1a–d). Three cell sheets were stacked as a triple-layered construct for transplantation into rats (Fig.
4e, f and Supplementary Fig. 1a, f).             

Construction of monocultured islet β-cell sheets 

A silicone frame was attached to the surface of a 35-mm temperature-responsive dish (Up cell E-type:
CellSeed) to restrict the cell culture area to a 10-mm-diameter circular region. The cell culture area for
construction of islet β-cell sheets has been described in a previous paper 12. The cell culture area was
coated with FBS overnight. Then, 9 × 105 iGL cells were seeded onto the cell culture area and cultured at
37°C in a humidi�ed atmosphere containing 5% CO2. The silicone frame was removed the next day, and
the cells were transferred to another incubator for 1 hour at 20°C (Supplementary Fig. 2a–c).  

Preparation of islet β-cell spheroids

β-cell spheroids were generated by seeding 9 × 105 iGL cells onto a 35-mm EZSPHERE plate (microwell
type #900; microwell size: diameter 400–500 μm, depth 100–200 μm; AGC Techno Glass, Shizuoka,
Japan) and culturing the cells at 37°C in a humidi�ed atmosphere containing 5% CO2. A total of three

plates were used to ensure that the total number of iGL cells (27 × 105 iGL cells) was equal to that of a
three-layered tricultured/cocultured cell sheet. The next day, the iGL cells had aggregated to form a
spheroid in the microwell (Fig. 4b). All spheroids were collected and suspended in 90 µL saline (Fig. 4c).
The transplantation procedure was performed using a 1-mL syringe with a 27G needle.  

Evaluation of the viability of tricultured cells seeded on a culture dish 

iGL cells, GFP-HUVECs and hASCs (same ratio and number as for tricultured cell sheets) were seeded on
a 35-mm culture dish. The cells were stained with propidium iodide (PI; Thermo Fisher Scienti�c) and
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Hoechst 33342 (NuncBlue Live cell Stain ReadyProbes reagent; Thermo Fisher Scienti�c) on days 1, 2
and 3 after cell seeding. PI was used as a marker of dead cells. Then, three random �elds per well were
captured by a �uorescence microscope at a magni�cation of ×100 (ECLIPSE Ts2 FL, Nikon, Tokyo,
Japan). In each �uorescence image, the numbers of Hoechst-positive cells and PI-positive cells were
counted using ImageJ 1.53n (National Institutes of Health, Bethesda, MA, USA), and the ratio of the
number of PI-positive cells to the number of Hoechst-positive cells was calculated as a measure of
viability. The average of the values for the three �elds was taken as the value for the well. 

Measurement of the luminescence of insulin-GLase secreted from iGL cells in vitro 

iGL cells, GFP-HUVECs and hASCs (same ratio and number as for tricultured cell sheets) were seeded on
a 35-mm culture dish. The luminescence activity of insulin-GLase was measured on days 1, 2 and 3 after
cell seeding, as follows. The cells were washed in Hank’s balanced salt solution (Nacalai Tesque) and
pre-incubated for 1 hour in HEPES-balanced Krebs-Ringer bicarbonate buffer containing 0.01% bovine
serum albumin (BSA-KRH) and 2 mM glucose (Cosmo Bio). Next, the cells were incubated for 30 minutes
in 1 mL 0.01% BSA-KRH containing 2 mM glucose and then for 30 minutes in 1 mL 0.01% BSA-KRH
containing 20 mM glucose. The medium in the well was collected after each 30-minute incubation and
centrifuged at ×800g for 5 minutes. The supernatant (10 µL) was used for measurement of the GLase
luminescence activity following the addition of 100 µL of the coelenterazine (CTZ)-containing buffer
provided in the luciferase assay kit (Cosmo Bio). The maximal light intensity was measured at 1000 ms
using a Nivo multimode plate reader (Perkin Elmer, Waltham, MA, USA). The mean value of three
independent measurements was used for each experimental condition. 

Imaging of islet β-cells and vECs before and after detachment of the cell sheet

The morphological characteristics of the islet β-cells and GFP-expressing vECs before and after
detachment of the tricultured cell sheet were evaluated by staining iGL cells with Cell Explorer Live Cell
Tracking Kit Orange Fluorescence (AAT Bioquest, Sunnyvale, CA, USA) before the cells were seeded onto a
35-mm temperature-responsive dish. The cells were imaged using a confocal microscopy system
(FV1200 and FV10-ASW; Olympus, Tokyo, Japan). 

Time-lapse live-cell imaging of islet β-cells and vECs during the �rst 22 hours after cell seeding 

To monitor dynamic changes in vEC morphology under con�uent conditions, the three cell types were
imaged from 1 hour to 22 hours after seeding using a time-lapse live-cell imaging system (LCV110,
Olympus). Islet β-cells (iGL cells) were stained with Cell Explorer Live Cell Tracking Kit Orange
Fluorescence as described above. The three types of cells were seeded on a 35-mm glass-bottom dish
(Matsunami Glass, Osaka, Japan) coated with FBS and cultured in 2 mL DMEM/F12 medium containing
10% FBS and 1% penicillin-streptomycin. The well was inserted into the incubator of a time-lapse live-cell
imaging system (37°C, 5% CO2). ‘Orange’ and ‘green’ (GFP) �uorescence images were captured every hour
for 22 hours. 
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Time-lapse live-cell imaging of vECs in a tricultured cell sheet

Dynamic alterations in vEC morphology were compared between freshly harvested cell sheets and
con�uent cells that had been seeded 24 hours previously. Images were captured with a time-lapse live-cell
imaging system (LCV110, Olympus). Fibrin gel (400 µL) 37 was applied to a 35-mm glass-bottom dish
(Matsunami Glass). For the comparative analysis, one dish was seeded with the three cell types (same
ratio and number as for the tricultured cell sheet) and incubated at 37°C for 24 hours, and another dish
was transplanted with a freshly harvested single tricultured cell sheet (which had been incubated for 24
hours during its construction). Then, 2 mL of DMEM/F12 medium containing 10% FBS and 1% penicillin-
streptomycin was gently poured into each dish, which was inserted into the incubator of a time-lapse live-
cell imaging system (37°C, 5% CO2). GFP images were captured every hour for 48 hours.   

Transplantation of a tricultured cell sheet onto a cylindrical �brin gel

To maintain the viability of the β-cells in vitro, a cylindrical �brin gel with a diameter of 12 mm was set on
a 35-mm dish. The cylindrical �brin gel was constructed by pouring �brin gel into a cylindrical silicone
frame and then removing the silicone frame after 30 minutes. A single tricultured cell sheet was
transplanted onto the �brin gel, and 3 mL of DMEM/F12 medium containing 10% FBS and 1% penicillin-
streptomycin was gently poured around and over the cell sheet. The cell sheet was cultured in an
incubator at 37°C in 5% CO2 (Fig. 3a, b). 

Transplantation of cell sheets and spheroids into athymic rats

Male Fischer 344 athymic rats (F344/NJcl-rnu/rnu; 280–400 g; CLEA Japan, Tokyo, Japan) were used as
the recipients. Fourteen rats were divided into three groups (Fig. 4a): a monocultured spheroid group (n =
4) for transplantation of iGL cell spheroids (Fig. 4b, c); a cocultured cell sheet group (n = 5) for
transplantation of a triple-layered cocultured cell sheet construct (Supplementary Fig. 1e, f), and a
tricultured cell sheet group (n = 5) for transplantation of a triple-layered tricultured cell sheet construct
(Fig. 4e, f). Blood was taken from the tail vein of each rat before and 7 days after transplantation for
measurement of non-fasting blood glucose levels (Glutest Neo Super; Sanwa Chemistry Laboratory,
Nagoya, Japan). The rats of all groups were transplanted with the same number of iGL cells (27 ×
105 cells). For the transplantation procedure, the rat was anesthetized with 2–4% inhaled iso�urane, and
an incision was made on the left side of the dorsal skin to expose the super�cial gluteal muscles. Then, a
triple-layered cell sheet construct (tricultured or cocultured cell sheet group) was transplanted onto the
muscle using a piece of polyethylene sheet (Fig. 4g, Supplementary Video 5) or spheroids (monocultured
spheroid group) were injected into the super�cial layer of the muscle (Fig. 4d, Supplementary Video 4).
The transplanted cell sheet was covered with a porous ethylene-vinyl alcohol membrane (EVALTM

membrane; Kuraray Co., Ltd., Tokyo Japan) to inhibit its adhesion to surrounding tissue. In the spheroid
group, the region of transplantation was marked with sutures after the injection. Finally, the skin was
sutured. Blood perfusion imaging was performed in an additional four rats, in which both a triple-layered
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tricultured cell sheet and a triple-layered cocultured cell sheet were transplanted onto the super�cial
gluteal muscles on different sides of the body. 

Imaging devices

Images of the cell sheets (Fig. 2a, Fig. 3b, Fig. 4e, Fig. 5a, Supplementary Fig. 1e, and Supplementary Fig.
2a) were captured by a camera (IXY 650, Cannon, Tokyo, Japan). The images and videos of the
procedures used in the animal experiments (Fig. 4d, g, Supplementary Video 4, and Supplementary Video
5) were obtained using a stereomicroscope with an image capturing system (M651, Leica Microsystems,
Wetzlar, Germany; 3CCD camera, Toshiba Corp., Tokyo, Japan; and Video Capture Box, I-O Data Device,
Kanazawa, Japan). Images of cells before and after transplantation (Fig. 2b, Fig. 4c, f, Fig. 5b, and
Supplementary Fig. 4) were captured using a �uorescence stereomicroscopy system (MVX10 and
cellSens Dimension, Olympus). 

Laser Doppler imaging of blood perfusion in the transplanted cell sheets 

Relative values of blood perfusion in the transplanted cell sheets were measured using a laser Doppler
perfusion imaging system (MoorLDI2-IR; Moor Instruments, Devon, UK). The perfusion signal of each
image was subdivided into 16 color shades, with low-to-no perfusion displayed as dark blue and the
highest level of perfusion displayed as red. The average perfusion value for each cell sheet region was
calculated based on the colored histogram pixels.  

Resection of engrafted islet β-cell tissue for histological analyses 

Each rat was anesthetized with 2% inhaled iso�urane at 7 days after cell transplantation. First, a blood
sample was obtained by cardiopuncture via the transthoracic approach. Then, the transplanted tissue
was exposed and excised along with the super�cial gluteal muscle. The tissue was fixed in 4%
paraformaldehyde and routinely processed into 7 μm-thick paraffin-embedded sections. The sections
were stained with hematoxylin-eosin and immunostained for insulin and CD31. 

Measurement of the luminescence of insulin-GLase in rat serum 

Immediately after its collection from the rat, the blood sample was centrifuged at ×800g for 15 min to
obtain blood serum, and the serum was stored at -80°C to allow all serum samples to be analyzed at the
same time. At the time of the analysis, all cryopreserved blood serum samples were thawed on ice in the
dark. The luminescence activity of GLase in each serum sample (20 µL) was measured by the addition of
100 µL of the CTZ-containing buffer provided in the luciferase assay kit (Cosmo Bio). The maximal light
intensity was measured over 5 seconds using a Nivo multimode plate reader (Perkin Elmer). The serum
sample from each rat was assayed three times, and the mean value of the three measurements was used
for the analysis. 

Immuno�uorescence staining 
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Sections of transplanted tissue and cell sheets were subjected to immuno�uorescence staining as
described in a previous report 38. Depara�nized sections were incubated �rst with anti-insulin and anti-
CD31 primary antibody for 2 hours at room temperature and then with appropriate secondary antibody
and nuclear staining solution for 40 minutes at room temperature (Table 1). A �uorescence microscopy
system (BZ-9000; Keyence, Osaka, Japan) was used to capture images of the entire region of islet β-cell
engraftment, and confocal microscopy (FV1200 and FV10-ASW) was used to capture magni�ed images
of the region.  

Table 1. Reagents used for immunohistochemistry.

Name Catalog
no.

Dilution  Source

Primary antibodies      

Guinea pig anti-insulin polyclonal
antibody

ab7842 1:100 Abcam, Cambridge, UK

Rabbit anti-CD31 polyclonal antibody RB-
10333

1:10 Thermo Fisher Scienti�c, Waltham,
MA, USA 

Secondary antibodies      

Alexa Fluor 594-conjugated anti-
guinea pig IgG 

A11076 1:200 Life Technologies, Carlsbad, CA,
USA

Alexa Fluor 488-conjugated anti-rabbit
IgG 

 

A11008

 

1:200

Life Technologies, Carlsbad, CA,
USA

Other      

Hoechst 33258 94403 1:300 Merck, Darmstadt, Germany

Abbreviations: CD, cluster of differentiation; IgG, immunoglobulin G.

Evaluation of the immuno�uorescence images of cell sheets after engraftment

Images of the entire region of islet β-cell engraftment were used to calculate the engrafted area and
engrafted cell sheet thickness. The thickness of the cell sheet in each �eld was calculated by dividing the
area of the region surrounded by insulin-positive cells by the length of the region. The average value
obtained from three different sections of each sheet was used for the analysis. Then, magni�ed images
were used to calculate the islet β-cell density and number of vessels in the engrafted cell sheets. The islet
β-cell density in each �eld was calculated as: (insulin-positive cell area / area of the region surrounded by
insulin-positive cells)×100 (%). The number of blood vessels in the region surrounded by insulin-positive
cells was counted and expressed in terms of number of vessels/mm2. The area and length
measurements were obtained using ImageJ 1.53n. The average of the values for three magni�ed �elds
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was taken as the value for the section, and the average value obtained from three different sections of
each cell sheet was used for the analysis.  

Statistical analysis

All values are shown as the mean ± standard deviation of the mean (SDM). Two groups were compared
using the paired Student’s t-test, and multiple groups were compared using Tukey’s honestly signi�cant
difference post-test. P < 0.05 was considered significant.
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Figure 1

Morphology, viability and function of cells in the tricultured cell sheet

(a) Representative phase-contrast microscopy image of iGL cells, GFP-HUVECs and hASCs 1 day after
seeding. Scale bar: 500 μm. (b) Confocal �uorescence microscopy image obtained 1 day after seeding
showing GFP-HUVECs (green) and islet β-cells stained with a live-cell tracking kit (red). Nuclei are stained
blue. Scale bar: 200 μm. (c) Confocal �uorescence microscopy images showing islet β-cells (stained red
with a live-cell tracking kit) at 1 hour and 1 day after seeding. Scale bar: 200 μm. (d) Series of
�uorescence microscopy images obtained on successive days showing the morphology of GFP-HUVECs
(green) as well as dead cells (stained red with propidium iodide). Nuclei are stained blue (Hoechst
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33342). Scale bar: 500 μm. (e) Insulin secretion by iGL cells evaluated through measurement of insulin-
GLase luminescence intensity in 20 mM glucose-containing medium. The values are shown as the mean
± SDM (n = 4 per group). * P < 0.05; ns, not signi�cant. (f) Glucose-dependent insulin secretion by iGL
cells evaluated as the ratio of insulin-GLase luminescence intensity in 20 mM glucose-containing
medium to that in 2 mM glucose-containing medium. The values are shown as the mean ± SDM (n = 4
per group). ns, not signi�cant. (g) Cell viability under triculture conditions. The values are shown as the
mean ± SDM (n = 4 per group). * P < 0.05.

Figure 2

Morphology of the tricultured cell sheet

(a) Representative image of a tricultured cell sheet captured from directly above with a regular camera.
Scale bar: 10 mm. (b) Representative images of a tricultured cell sheet captured with a stereomicroscope
(left) and a �uorescence stereomicroscope (right). Green indicates GFP-HUVECs. Scale bar: 2 mm. (c)
Representative cross-sectional image of a tricultured cell sheet captured with a microscope. The
tricultured cell sheet was stained with hematoxylin and eosin. Scale bar: 1 mm. (d) Magni�ed image of
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(c). Scale bar: 50 μm. (e) Representative cross-sectional image of a tricultured cell sheet captured with a
�uorescence microscope. The cell sheet was immunostained for insulin (red) and GFP (green). Nuclei are
stained blue. Scale bar: 50 μm. 

Figure 3

Changes in the morphology of a tricultured cell sheet after transplantation onto a �brin gel
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(a) Schematic summary of the experimental procedure. A tricultured cell sheet was harvested,
transplanted onto a cylindrical �brin gel and cultured in medium for 3 days. (b) Representative image of a
tricultured cell sheet on a �brin gel captured with a regular camera. Scale bar: 1 cm. (c) Representative
images of a tricultured cell sheet captured with a phase-contrast microscope and a �uorescence
stereomicroscope on days 0 and 3. Green indicates GFP-HUVECs. Scale bar: 500 μm. (d) Representative
images of a tricultured cell sheet captured with a confocal �uorescence microscope on days 0 and 3. The
cell sheet was immunostained for insulin (red) and GFP (green). Nuclei are stained blue. Scale bar: 200
μm. (e) Magni�ed image of (d) on day 3. Scale bar: 50 μm.
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Figure 4

Transplantation of islet β-cells in vivo and insulin secretion by engrafted iGL cells

(a) Design of the animal experiments. The experimental groups, number of rats per group and indexes
measured are shown. Area: measurement of the area of the engrafted islet β-cells; Density: measurement
of the density of the islet β-cells in the engrafted sheets; Serum Insulin-GLase: bioluminescence
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experiments to measure serum insulin-GLase; Thickness: measurement of the thickness of the engrafted
sheets; Tx: cell transplantation (as sheets or spheroids); Vascularization: measurement of blood vessel
density in the engrafted sheets. (b) Representative image of a spheroid in a microwell captured with a
phase-contrast microscope. Scale bar: 100 µm. (c) Image of a suspension of spheroids in a microtube
captured with a stereomicroscope. Scale bar: 2 mm. (d) Image acquired with a regular camera showing
the transplantation of spheroids by injection into a muscle. Scale bar: 10 mm. (e) Representative image
of a triple-layered tricultured cell sheet construct captured with a regular camera. The triple-layered
construct was made by stacking three tricultured cell sheets. Scale bar: 10 mm. (f) Representative images
of a triple-layered tricultured cell sheet construct captured with a stereomicroscope (upper) or
�uorescence stereomicroscope (lower). Scale bar: 2 mm. (g) Image captured with a regular camera
showing a triple-layered cell sheet construct being transplanted onto rat muscle. Scale bar: 10 mm. (h)
Serum levels of insulin secreted by the engrafted iGL cells, evaluated from the luminescence intensity of
insulin-GLase. The values are shown as the mean ± SDM (monocultured spheroid group, n = 4; other
groups, n = 5). * P < 0.05, ** P < 0.01 and **** P < 0.0001.
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Figure 5

Morphology and blood perfusion of the transplanted region at 7 days after transplantation in vivo.

(a) Representative images captured by a regular camera showing the relevant region for each
experimental condition at 7 days after transplantation. The region injected with monocultured spheroids
is marked by a suture line (arrowheads, left). The dotted circles indicate engrafted cell sheets (middle and
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right). Scale bar: 2 mm. (b) Representative images of a transplanted tricultured cell sheet captured by a
stereomicroscope (left) and �uorescence stereomicroscope (middle). The merged images are shown on
the right. The engrafted GFP-HUVECs formed tubular structures that contained the recipient rat’s blood
(white arrows). Scale bar: 100 µm. (c) Representative images of perfusion signals for a transplanted
tricultured cell sheet and a transplanted cocultured cell sheet. The images were acquired using a laser
Doppler perfusion system. Each dotted circle indicates the region of the engrafted cell sheet. Scale bar: 5
mm. (d) Comparison of the perfusion value between engrafted tricultured cell sheets and engrafted
cocultured cell sheets. The values are shown as the mean ± SDM (n = 4 per group). *** P < 0.001. 
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Figure 6

Histological evaluations of engrafted islet β-cells and blood vessels

(a) Representative immuno�uorescence images for the three experimental groups showing the entire
region in which islet β-cells had engrafted onto rat muscle. The islet β-cells were immunostained for
insulin (red). The white dashed lines denote the engrafted islet β-cells. Scale bar: 1 mm. (b) Area of the
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engrafted islet β-cells. The values are shown as the mean ± SDM (monocultured spheroid group, n = 4;
other groups, n = 5). * P < 0.05, ** P < 0.01 and *** P < 0.001. (c) Representative immuno�uorescence
images obtained with a confocal microscope showing the region in which islet β-cells had engrafted. Islet
β-cells were immunostained for insulin (red), and vascular endothelial cells were immunostained for
CD31 (green). Scale bar: 50 µm. (d) Thickness of the engrafted cell sheets. (e) Islet β-cell density in the
engrafted cell sheets. (f) Blood vessel density in the engrafted cell sheets. The values in (d–f) are shown
as the mean ± SDM (n = 5 per group). * P < 0.05 and ** P < 0.01.
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