ORIGINAL ARTICLE

Introduction to a new cell transplantation platform
via recombinant peptide petaloid pieces and its
application to islet transplantation with
mesenchymal stem cells

Kentaro Nakamura, Reiko lwazawa & Yasuhiro Yoshioka

Regenerative Medicine Research
Laboratories, FUJIFILM Corporation,
Kanagawa, Japan

Correspondence

Kentaro Nakamura, 577 Ushijima,
Kaisei-machi, Ashigarakami-gun,
Kanagawa 258-8577, Japan.

Tel.: +81-465-86-1846;

fax: +81-465-86-1019;

e-mail: kentaro.a.nakamura
@fujifilm.com

Cell death cluster in transplanted cells remains a critical obstacle for regen-
eration strategies. This study describes a novel platform for cell transplan-
tation (CellSaic) consisting of human mesenchymal stem cells (hMSCs)
and petaloid pieces of recombinant peptide (RCP), which can prevent cell
death by arranging the cells in a mosaic. When hMSC CellSaics were sub-
cutaneously implanted into NOD/SCID mice, hMSC CellSaics prevented
cell death and accelerated angiogenesis in the graft, compared to the find-
ings obtained on solely implanting cell spheroids. Additionally, we exam-
ined the application of CellSaic for subcutaneous cotransplantation of 200
rat islets with 2 x 10> hMSCs into diabetic mice. As the results of blood
glucose levels at 1 m, the islet-only group was 398 + 30 mg/dl and the
islets with hMSCs group were 180 £ 65 mg/dl. On the other hand, the
islets with hMSCs CellSaic group showed 129 £ 15 mg/dl and significantly
improved glucose tolerance (P < 0.05). Additionally, we showed that the
surface texture of the RCP petaloid pieces played an important role in graft
survival and angiogenesis. It is anticipated that CellSaic will be used as a
new platform for cell transplantation and tissue regeneration.
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The process of cell death occurring in cell clusters has
been widely investigated [1-3]. It initially occurs in spher-

In recent years, new approaches for cell transplantation
and implantation of regenerative tissues have been devel-
oped and used in the field of regenerative medicine [1-5].
Nevertheless, graft cell death remains a critical problem
for various tissue and organ regeneration strategies,
including cell-sheet engineering. Graft cell death mainly
results from poor cell and tissue nutrition in cell clusters,
which is often caused by aberration of the vascular system
or failure of the metabolic waste product removal system.

oids and is generally dependent on the typical depletion of
nutrient substrates and accumulation of metabolic waste
products. To demonstrate this phenomenon, Groebe and
Mueller-Klieser [4—6] compared experimental and theoret-
ical oxygen concentration data and showed that the rela-
tionship between the viable rim thickness and size of the
necrotic tissue varied according to the spheroid diameter.
Cell death cluster of pancreatic islet tissues has
imposed particular limitations in the progress of
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pancreatic islet transplantation since the early stages of
tissue transplantation research [7,8], including the
heterotopic transplantation of pancreatic islets into
organs other than the portal vein, especially via subcuta-
neous or intramuscular transplantation [9].

FUJIFILM Corporation, Tokyo, Japan developed a new
bioabsorbable biomaterial called recombinant protein
(RCP) for medical applications [10]. The evaluation of
RCPs based on the alpha-1 sequence of human collagen
type I showed the presence of 12 RGD (Arg-Gly-Asp)
motifs in a single molecule. RCP is a recombinant protein
produced by the yeast Pichia pastoris and differs from
conventional animal collagen because there is no risk of
infection, such as bovine spongiform encephalopathy
[11,12].

We here present a new cell transplantation platform
(CellSaic) that can prevent graft cell death in spheroids
because of the use of petaloid pieces of RCP. The newly
coined term ‘CellSaic’ is derived from ‘cell’ and ‘scaf-
fold’-forming ‘mosaic’. Unlike spheroids, the spaces
between the petaloid RCP pieces of the CellSaic plat-
form lead to greater penetration of substances into the
cells, which prevents cell death. We confirmed that the
cells of the implanted CellSaic platforms showed good
survival, and blood vessels could be easily formed into
the grafts.

Furthermore, to investigate its applications, we exam-
ined whether CellSaic can be effectively used for cotrans-
planting human mesenchymal stem cells (hMSCs) with
pancreatic islets. The approach of transplantation of pan-
creatic islets has been developed for treating patients with
insulin-dependent diabetes. Currently, the liver is consid-
ered to be a favorable transplantation site, and the trans-
plantation is performed through the portal vein. This
intraportal transplantation of islets, which is referred to
as the Edmonton protocol, helps in achieving long-term
endogenous insulin production and glycemic stability in
patients with type 1 diabetes mellitus [13]. However, the
use of this protocol has thus far yielded insufficient
improvements in insulin independence. One method for
improving insulin independence is to use transplantation
sites other than the liver; in this regard, intramuscular
and subcutaneous spaces are promising candidate sites
[9]. Animal studies have shown that cotransplantation of
pancreatic islets with MSCs improves the function of the
islets [14]. Tto et al. [15] showed that cotransplantation
of pancreatic islets with MSCs improved the morphology
and function of islet grafts. Furthermore, mice cotrans-
planted with pancreatic islets and MSCs showed normo-
glycemia, whereas mice transplanted with islets alone
showed only a 30% improvement.
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We expected that the CellSaic would enhance the
cotransplantation effect of human mesenchymal stem
cells (hMSCs) with pancreatic islets.

Experimental design

The overall experimental design for this study is pre-
sented in Fig. 1. The hMSCs were used as model cells
to study cell death in transplanted cells and tissues.
The CellSaic platform consisting of hMSCs and
micrometer-sized pieces of RCP was compared with a
spheroid containing the same number of cells and a
spheroid with the same volume. Furthermore, three
types of micrometer-sized pieces of RCP were
compared.

Figure 2 presents the experimental design for islet
transplantation as an application of CellSaic. Implants
including islets were transplanted subcutaneously into
streptozotocin-induced diabetic mice. The transplant
group was divided into three subgroups based on the
implants used: (i) the CellSaic group, a mixture of
hMSCs, RCP petaloid p-pieces, and islets; (ii) the sus-
pension group, hMSCs and islets; and (iii) the islet
group, islets alone. Post-transplant glucose levels were
measured in each mouse, and all mice were evaluated
using the glucose tolerance test and histopathological
examinations of transplant sections.

Materials

Recombinant peptide was obtained using a previously
reported method [10-12]; the sequence of RCP is as
follows:  GAP[GAPGLQGAPGLQGMPGERGAAGLPGP
KGERGDAGPKGADGAPGAPGLQGMPGERGAAGLPGP
KGERGDAGPKGADGAPGKDGVRGLAGPIGPPGERGA
AGLPGPKGERGDAGPKGADGAPGKDGVRGLAGPIGP
PGPAGAPGAPGLQGMPGERGAAGLPGPKGERGDAG
PKGADGAPGKDGVRGLAGPP]3G.

The calculated molecular weight for RCP is 51 600,
which was reported to achieve strong cell adhesion
[16].

Preparation of RCP pieces

Three types of RCP pieces, petaloid, chapped, and plain,
were prepared by crushing freeze-dried RCP and frac-
tionating the obtained pieces. The three types were
grouped by the complexity of the surface texture. The
details were described in Appendix SI.
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Figure 1 General experimental design. The CellSaic platform consisting of human mesenchymal stem cells (hnMSCs) and micrometer-sized
pieces of recombinant protein (RCP) was compared with a spheroid containing the same number of cells and a spheroid with the same vol-
ume. Three types of micrometer-sized pieces of RCP were also compared.

in vivo histological analysis
a). Cell viability of the graft
b). Angiogenesis of the graft

Formation of hMSC CellSaic platforms and hMSC
spheroids

The hMSCs were purchased from Lonza (PT-2501;
Basel, Switzerland) and cultured using MSCGM Bul-
letKit medium (Lonza) at 37 °C in a 5% CO, humidi-
fied atmosphere. CellSaic platforms containing hMSCs
were then prepared by mixing hMSCs (1 x 10° cells/
ml) and RCP pieces (0.1 mg/ml) in MSCGM medium;
this mixture was seeded on a PrimeSurface 96U plate
(Sumitomo Bakelite Co. Ltd., Tokyo, Japan) in 200-pl
For spheroid formation, hMSCs in MSCGM
1 x 10° cells/ml
and the cells were seeded on a

wells.
medium were prepared using
4 x 10° cells/ml,
PrimeSurface 96U plate in 200-pul wells. Each plate was
centrifuged using a tabletop plate centrifuge (600 g,
5 min) and then incubated for 24 h. The medium was
changed every 3 days for both the CellSaic platforms
and the spheroids.

or

Implantation of CellSaics and spheroids

The CellSaics and spheroids were evaluated in vivo in
6-week-old NOD/SCID mice (Charles River Japan

Transplant International 2016; 29: 1039-1050

Inc., Yokohama, Japan) using subcutaneous implanta-
tion under general anesthesia (isoflurane inhalation).
For subcutaneous evaluation, the CellSaics and spher-
oids were cut in half and implanted into the lower
abdomen of the mice; five samples each of the
CellSaics and spheroids were implanted per animal
The Animal Care Committee of the FUJIFILM Corpo-
ration approved the experimental protocol, and all
experimental procedures used studies
were performed in accordance with international
guidelines.

in animal

Histological evaluation: cell viability and angiogenesis

To assess the tissue response over time, histological
sections were prepared at 1 and 2 weeks following
implantation. Cell viability and angiogenesis were
scored individually for the samples using a graded
scale of 0-3, as described in Table 1 [17-22]. The
scorings were reviewed by a pathologist and a veteri-
narian at FUJIFILM Corp. The pathologic score at
each endpoint represents the average of the effective
values (n = 3).
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Figure 2 Experimental design for islet implantation as an application of CellSaic. Implants including islets were transplanted subcutaneously
into mice in which diabetes was induced by administering streptozotocin. The transplant group was divided into three subgroups based on the
implants: CellSaic group: a mixture of human mesenchymal stem cells (hMSCs), recombinant protein (RCP) p-pieces, and islets (200 islets,

2 x 10° hMSCs, and 0.2 mg of RCP petaloid p-pieces); suspension group: hMSCs and islets (200 islets and 2 x 10° hMSCs); and islet group:
islets alone (200 islets). In each mouse, the post-transplant glucose levels were measured, and the mice were evaluated using the glucose toler-

ance test and by histopathological examination of transplant sections.

Table 1. Scoring system for histological evaluation.

Category Score
Angiogenesis in the graft
No vessel 0
Low vessel density 1
Moderate vessel density 2
High vessel density 3
Cell viability in the graft
Scarcely distributed viable cells 0
Sparsely distributed viable cells 1
Moderately distributed viable cells 2
Graft filled with viable cells 3

Application of CellSaic: islet transplantation

Islet transplantation into the diabetic models

Diabetic mice (Appendix S1) were subcutaneously trans-
planted with islets alone, a mixture of islets and hMSC
CellSaics or a mixture of islets and the hMSC suspen-
sion. Recipient mice were divided into the following five
groups: (i) islet group (n = 5; 200 islets alone in 100 pl
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of 3 mmMm glucose medium); (ii) suspension group
[n = 10; mixture of islets (200) and hMSC suspension
(2 x 10° cells)]; (iii) CellSaic group [n = 10; mixture of
islets (200) and CellSaics (total 2 x 10° hMSCs and
0.2 mg of RCP petaloid p-pieces)]; (vi) diabetic group
[n = 4; no transplantation (diabetic control)]; and (v)
nondiabetic group [n = 4; no treatment with streptozo-
tocin (nondiabetic control)]. Transplants were injected
into the subcutaneous space on the backs of the recipi-
ent mice using a sterile syringe equipped with an 18-
gauge needle in the case of the islet and suspension
groups, and by making a skin incision under general
anesthesia (isoflurane inhalation) in the CellSaic group.
The experimental protocol was approved by the Animal
Care Committee of FUJIFILM Corporation.

Histological and immunohistological evaluations in the diabetic

models

On day 28 after transplantation, skin tissues harboring
the implanted grafts were removed and fixed with a 10%

phosphate-buffered formalin solution. H&E-stained
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sections were prepared for histological examination. For
immunostaining, deparaffinized first
incubated with an anti-insulin antibody (12018; Sigma-
Aldrich, St. Louis, MO, USA) and then with LSAB2 bio-
tin-linked secondary antibody (K1015; Dako, Glostrup,
Denmark) plus
(K1016; Dako), and signals were developed using a
diaminobenzidine solution (K3468; Dako). The sections
were then counterstained using hematoxylin.

sections were

streptavidin—horseradish  peroxidase

Statistical analyses

The results are presented as means + standard devia-
tion. Blood glucose levels measured for 28 days after
the transplantation and those measured during the
IPGTT were analyzed using one-way analysis of variance
with Dunnett’s test. AUCs obtained during the IPGTT
were analyzed using one-way analysis of variance with
Dunn’s test. P < 0.05 was considered to be statistically
significant.

Characterization of the mosaic cell structure
comprising cells and scaffolds (CellSaic platform)

In the spheroids of hMSCs, a high rate of cell death (nu-
clear condensation and enucleation) was observed both

New cell transplantation platform, CellSaic

in vitro and in vivo; Figs 3 and 4 show that there were very
few normal, viable cells. The data for CellSaic platforms
and spheroids were compared based on cell numbers, as
well as cell-structure volumes. As shown in Fig. 4, when
the spheroids were implanted subcutaneously, cell death
was widely observed at 1 week following implantation,
and the spheroids appeared to have shrunk after 2 weeks.
After 4 weeks in vivo, the spheroids disappeared, making
recovery impossible (data not shown).

The number of dead cells was considerably lower for
the CellSaic containing 50-100 um RCP petaloid pieces
than for the spheroids; in addition, a large number of
normal viable cells were observed both in vitro and
in vivo. Indeed, dead cells were observed in the spher-
oids cultured in vitro, whereas elongated viable cells
were visible in the CellSaic (Fig. 3). To quantify the
viable cells in the spheroids and CellSaics in vitro, an
ATP assay was performed (Fig. 3). The results con-
firmed considerably larger numbers of viable cells in the
CellSaics compared to those in the spheroids. Moreover,
cells in the CellSaic survived and the CellSaics were
maintained within the subcutaneous space, appearing as
thick tissue (Fig. 4). The results of the in vivo histologi-
cal evaluations are summarized in Table 2. No blood
vessels were formed in the spheroids, and viable
implanted cells were scarcely visible. On the other hand,
a large number of viable cells were detected in the Cell-
Saics, with angiogenesis partially detected after 2 weeks.

Spheroid

CellSaic (petaloid)

Spheroid
8 x 10%cells + 0 mg

Day7

2 x 10%*cells + 0.02 mg

f Same number of cells |

| same spheroid volume 4

in vitro ATP assay (Day7)

0.80

o
o
=3

ATP (nmal)
(=]
3

=
o
=]

Spheroid
20,000 cells

CellSaic
20,000 cells

Spheroid
80,000 cells

Figure 3 Hematoxylin and eosin (H&E)-stained sections of the CellSaic and spheroids cultured in vitro, and results from the ATP assay. Spher-
oids composed of human mesenchymal stem cells ("MSCs; 2 x 10 cells), spheroids composed of hMSCs (8 x 10 cells), the CellSaic contain-
ing hMSCs (2 x 10% cells), and petaloid pieces were cultured in vitro. The images show H&E-stained sections prepared after 7 days of culture.

Arrows indicate the recombinant protein (RCP) petaloid pieces.
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Figure 4 CellSaics and spheroids subcutaneously implanted into NOD/SCID mice. Spheroids composed of human mesenchymal stem cells
(hMSCs; 1 x 10° or 4 x 10° cells), and CellSaics composed of 1 x 10° hMSCs and petaloid pieces (0.1 mg) were subcutaneously implanted
in vivo into NOD/SCID mice. Hematoxylin and eosin-stained sections of the implants are shown. Images show the stained sections at 7 and
14 days postimplantation. Enlarged images of the stained sections 7 days after implantation are also shown.

Table 2. Scores for the histological evaluation of subcutaneously implanted grafts (spheroids and CellSaic platforms).

Angiogenesis 0.0 0.0
Cell viability 1.0 0.0

0.0 1.0 1.7
0.0 2.0 2.3

Angiogenesis 0.0 0.0
Cell viability 1.0 0.5

Cell viability of the CellSaics implanted in vivo
according to RCP piece shape

As described above, cell viability improved considerably
when the cells were cultured in the CellSaic containing
RCP petaloid pieces. Furthermore, the results confirmed
that cell viability depends on the structure of the RCP
piece. We prepared three types of RCP pieces: plain,
petaloid, and chapped; the chapped shape is intermedi-
ate to the plain and petaloid shapes. Figure 5 shows the
scanning electron microscope images and H&E-stained
sections of these pieces, and each sample type was eval-
uated in vivo. Cell viability in the CellSaics containing
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the plain pieces was poor, with fewer viable cells retain-
ing a normal appearance; however, cell viability
improved when the RCP piece was chapped and
improved even further when the piece was petaloid
(Fig. 6 and Table 2).

To evaluate the relationship between the number of
cells and shapes of the RCP pieces, we visualized and
compared the CellSaics containing plain, chapped, and
petaloid pieces in vitro using H&E staining. The results
showed fewer cells in areas within the CellSaic contain-
ing plain pieces than in the platform containing peta-
loid pieces (Fig. 7). In addition, in areas within the
platform containing plain pieces where the cells were

Transplant International 2016; 29: 1039-1050
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Figure 5 Structure and morphology of three different types of recombinant protein (RCP) pieces. Scanning electron microscope images and
hematoxylin and eosin (H&E)-stained sections of CellSaics using plain, chapped, or petaloid RCP pieces are shown.

Plain pieces Chapped pieces Petaloid pieces

1 x 10%cells + 0.1 mg 1 x 10%cells + 0.1 mg 1 x10°cells + 0.1 mg
Day? T T
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Figure 6 Hematoxylin and eosin (H&E)-stained sections of CellSaics with three different types of recombinant protein (RCP) pieces subcuta-
neously implanted in vivo. CellSaics formed using plain, chapped, or petaloid pieces were subcutaneously implanted into NOD/SCID mice. The
images shown are of sections stained with H&E after 7 and 14 days postimplantation.

Plain pieces
2 x 10%cells + 0.02 mg

Chapped pieces
2 x 10%cells + 0.02 mg

Petaloid pieces
2 x 10%cells + 0.02 mg

Day7

Figure 7 Hematoxylin and eosin (H&E)-stained sections of CellSaics with three different types of recombinant protein (RCP) pieces cultured

in vitro. CellSaics formed using plain, chapped, or petaloid pieces were cultured in vitro for 7 days, and images of the stained sections are

shown.
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densely distributed, the pieces and cells were unevenly  CellSaics within a 1-mm-diameter space; these CellSaics
distributed; however, in the CellSaic containing petaloid = were aligned, cultured for 2 days, and fused. The images
pieces, the cells and pieces were evenly distributed. show that the three CellSaics visibly fused to each other,

To analyze the complexity of the pieces, we evaluated  while the hMSCs from these platforms proliferated and
the spaces formed between the RCP pieces using tapped  adhered to each other at the fusion sites. As another
density calculations; the lower the tapped density, the  method to increase the CellSaic size, RCP petaloid
easier it became to form the spaces between pieces  pieces were added to the culture medium each time the
(Table 3). The boundary length to square root of the medium was refreshed (0.1 mg every 3 days), which
area ratio for each piece was calculated using a section  resulted in a snowball effect (Fig. 8b). The size of the
stained with H&E. The results of these calculations are  CellSaic could increase further as long as the scaffolds
shown in Table 3 and were used as a measure of the were constantly provided, whereas the size of the Cell-
complexity of the individual structures of the pieces. Saics did not change when no additional petaloid pieces

were added.

Fusion and the snowball effect of the CellSaic

Applicati f CellSaic: isl 1 i
Similar to spheroids, CellSaics naturally fuse when they pplication of CellSaic: islet transplantation

are aligned next to each other. Figure 8a shows micro- As an application of CellSaic (petaloid), implants
scopic images and H&E-stained sections of three including islets were transplanted subcutaneously into

Table 3. Effect of tapped density and complexity on the in vivo viability for three types of recombinant peptide (RCP)
pieces.

Plain Chapped Petaloid
Tapped density 523.8 + 7.2 189.0 + 4.5 135.3 4+ 3.1
The boundary length to square root of the area ratio 7.8 +£0.3 14.1 £ 2.3 18.6 £ 1.9
In vivo cell viability (2 weeks) 0.5 1.3 2.7

(a) Fusion of CellSaic

‘,., { SF “g
= ?Fusmn sne

(b) Snowball effect of CellSaic Volume up of GellSaic in vitro
2500
2300 —* + pieces

T
32100 a _ pieces
© 1900
]
@ 1700
S 1500
‘S 1300
©
S 1100 o o
£ 900 it S ‘
& 10 : ‘_'7§1_“'1'_'
500
0 10 20

in vitro culture period (days)

Figure 8 Fusion and volume increase (snowball effect) for the CellSaic. (a) Fusion of CellSaics. Optical microscopy and images of hematoxylin
and eosin (H&E)-stained sections are shown. Dotted circles show the fusion sites. (b) Method for increasing the CellSaic volume. The CellSaic
size was gradually increased by adding recombinant protein (RCP) pieces when the medium was changed (snowball effect). The figure on the
left shows a schematic image of this principle. The graph on the right shows the change in the diameter of the CellSaics to which pieces were
added, as well as that of the platforms to which no pieces were added, relative to the culture time.
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streptozotocin-induced diabetic mice. The transplant
group was divided into three groups based on the
implants: (i) CellSaic group, a mixture of hMSCs, RCP
p-pieces, and islets; (ii) suspension group, the hMSCs
and islets; and (iii) islet group, islets alone. Post-
transplant glucose levels were measured in each mouse,
and all mice were evaluated using the glucose tolerance
test and histopathological examinations of transplant
sections.

Blood glucose levels in the diabetic model

In the islet group, the blood glucose level measured for
28 days after transplantation was 398 £ 30 mg/dl
(Fig. 9), which was similar to that in the diabetic group
(402 + 51 mg/dl). By contrast, the blood glucose level
in the suspension group was 393 + 45 mg/dl at the
time of transplantation, but decreased to 245 + 85 mg/
dl by 7 days after the transplantation, and remained at
that level until 28 days after the transplantation
(180 + 65 mg/dl). In the CellSaic group, the blood glu-
cose level was 386 = 33 mg/dl at the time of transplan-
tation and then decreased to 154 + 45 mg/dl by 7 days
after transplantation, and remained at that level until
28 days after the transplantation (129 £ 15 mg/dl). In

600

500

400 - ﬁ]

300 | *
* *'l'
*

200 p: o

100

Blood glucose level (mg/dl)
*

0 I5 1I0 1‘5 26 2I5 30
Days after transplantation
Figure 9 Nonfasting blood glucose levels of diabetic NOD/SCID mice
after islet transplantation. On Day 0, diabetic mice were subcuta-
neously transplanted with a mixture of islets and human mesenchy-
mal stem cell (hnMSC) CellSaics [CellSaic group, n = 10 (red); 200
islets, 2 x 10° hMSCs, and 0.2 mg of recombinant protein (RCP)
petaloid p-pieces], a mixture of islets and the hMSC suspension [sus-
pension group, n = 10 (blue); 200 islets and 2 x 10° hMSCs], or
islets alone [islet group, n = 5 (green); 200 islets]. Diabetic mice [dia-
betic group, n = 4 (orange)] and nondiabetic mice [nondiabetic
group, n = 4 (black)] were used as controls. *P < 0.05. The CellSaic
and suspension groups were each compared with the islet group
using one-way analysis of variance with Dunnett’s test.

Transplant International 2016; 29: 1039-1050
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the nondiabetic group, blood glucose levels remained in
the range of 100-150 mg/dl for the 28 days after the
beginning of the treatment. Both the CellSaic group and
the suspension group showed statistically significant dif-
ferences in blood glucose levels on days 7, 14, 21, and
28 after transplantation, as compared with the islet
group (P < 0.05).

IPGTT in the diabetic model

The IPGTT was performed at 28 days after transplanta-
tion to confirm the effect of cotransplantation of hMSC
CellSaics with islets (Fig. 10a). In the diabetic group,
intraperitoneal administration of glucose increased the
blood glucose level to 436 £ 31 mg/dl, and this level
remained at 309 £+ 38 mg/dl up until 180 min after the
start of the test. In the islet group, glucose administration
increased the blood glucose level to 301 + 82 mg/dl, and
this level decreased to 211 4+ 78 mg/dl at the 180-min
time point. In the suspension group, glucose administra-
tion increased the blood glucose level to 311 £ 49 mg/dl,
which decreased to 168 £ 81 mg/dl at the 180-min time
point. Last, in the CellSaic group, the blood glucose level
rose to only 218 £ 27 mg/dl after glucose administration
and then decreased to 123 £+ 23 mg/dl at the 180-min
time point. At all time points examined after glucose
administration, except 15 min, the blood glucose levels in
the CellSaic group were significantly different from those
in the islet group (P < 0.05). By contrast, the blood glu-
cose levels in the suspension group were significantly dif-
ferent from those in the islet group only at 180 min after
glucose administration. Comparison of the AUCs
(Fig. 10b) showed statistically significant differences
between the CellSaic group and the islet and suspension
groups (P < 0.05). However, no significant differences
were observed between the suspension and the islet
groups. The IPGTT results indicated that mice cotrans-
planted with hMSC CellSaics and islets showed the most
favorable glucose responses.

Histological examination in the diabetic model

The volume of the islets in the CellSaic group was
greater than that in the suspension group (Fig. 11a and
d), which indicated a comparatively higher level of
blood vessel formation in the CellSaic group (Fig. 11b
and e). Immunostaining with the anti-insulin antibody
confirmed that insulin-positive areas were larger in the
CellSaic group than in the suspension group (Fig. 1lc
and f). In contrast, no transplanted grafts were observed
in the islet group.
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Figure 10 Results of the intraperitoneal glucose tolerance test (IPGTT) obtained for each group at 28 days after transplantation. Diabetic NOD/
SCID mice were subcutaneously transplanted with a mixture of islets and human mesenchymal stem cell (hMSC) CellSaics [CellSaic group,

n =10 (red); 200 islets, 2 x 10° hMSCs, and 0.2 mg of recombinant protein (RCP) petaloid p-pieces], a mixture of islets and the hMSC sus-
pension [suspension group, n = 10 (blue); 200 islets and 2 x 10° hMSCs], or islets alone [islet group, n = 5 (green); 200 islets]. Diabetic mice
[diabetic group, n = 4 (orange)] and nondiabetic mice [nondiabetic group, n = 4 (black)] were used as controls. (a) Glucose tolerance profiles
of diabetic NOD/SCID mice after islet transplantation. The CellSaic and suspension groups were individually compared with the islet group by
one-way analysis of variance with Dunnett’s test (*P < 0.05). (b) The area under the curve (AUC) was measured during the IPGTT from 0 to
180 min at 28 days after transplantation. The CellSaic, suspension, and islet groups were compared using one-way analysis of variance with
Dunn’s test (*P < 0.05).

Figure 11 Histological and immunohistological analyses of subcutaneous transplants at 28 days after transplantation. Skin sections obtained
from mice transplanted with the mixture of islets and human mesenchymal stem cell (hMSC) CellSaics (CellSaic group; a—c), and from mice
transplanted with the mixture of islets and the hMSC suspension (suspension group; d-f). Hematoxylin and eosin (H&E) staining (a, b, d, and
e) and immunohistological staining with anti-insulin antibody (positive areas are shown in brown; c and f). Arrows indicate new blood vessels.
Arrowheads indicate recombinant protein (RCP) petaloid p-pieces. Scale bars = 500 pum (a, ¢, d, and f) and 100 um (b and e).
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We hypothesized that cell death could be prevented
for a specific volume and thickness of the cell struc-
ture by providing pathways for nutrients to enter the
cell structure. Based on this hypothesis, we developed
and evaluated a newly developed cell structure (Cell-
Saic) incorporated with biodegradable RCP petaloid
pieces. Here, use of the phrase ‘RCP petaloid pieces’
refers to pieces with an uneven surface, resulting in
concavities and convexities whose size is similar to that
of the cells.

The results indicated that the CellSaic platform
could prevent central necrosis, even when the diame-
ter of the cell structure was 400 pm or greater. Cell
viability in the CellSaic platform was higher than that
in the spheroid, both in vitro and in vivo. This effect
was considered to be due to the formation of struc-
tures by the RCP pieces within the spaces; specifically,
the addition of the petaloid-shaped pieces should
result in the formation of spaces for waste products
to form and nutrient transport to occur. Collectively,
our results suggest that the permeability of the Cell-
Saic leads to the creation of pathways for nutrients to
enter the cell structure via spaces that are formed
between the cells and the pieces. The data also
showed that the tapped density of the piece is nega-
tively correlated with cell viability, whereas complexity
is positively correlated with viability. These findings
suggest that the shape of the RCP pieces greatly
affects cell viability and that the petaloid shape is well
suited for future applications.

The effect of fusion on the CellSaic suggests that it
will be possible to form larger CellSaics (up to several
centimeters). It is speculated that larger transplanta-
tion tissue samples can be formed via the fusion
method or the snowball effect that was observed
using the CellSaics.

In the cotransplantation of isles with hMSCs using Cell-
Saic, more effective islet engraftment in the suspension
group was observed than in the islet group. In the islet
group, islet engraftment could not be confirmed at the
graft site, either macroscopically or microscopically, at
28 days after transplantation. By contrast, in the suspen-
sion group, transplanted grafts could be observed at
28 days after the transplantation; islet engraftment was
confirmed, and clear insulin-positive areas were detected
in this group. Similar results have been reported previ-
ously, and the conclusion was that cotransplantation of
islets with hMSCs improved the engraftment of islets [23].

Transplant International 2016; 29: 1039-1050

New cell transplantation platform, CellSaic

The volume of islets in the grafts in the CellSaic
group was higher than the suspension group. H&E
staining at 28 days after the transplantation showed
more blood vessels in the grafts in the CellSaic group
than in the suspension group. Subcutaneous transplan-
tation of hMSC CellSaics alone in nondiabetic NOD/
SCID mice resulted in the formation of blood vessels,
but transplantation of hMSCs alone in these mice did
not lead to blood vessel formation. As mentioned
above, CellSaic transplantation induces the formation of
blood vessels, and successful formation of blood vessels
in the transplanted grafts promotes the engraftment of
the transplanted islets. This observation could account
for the greater volume of islets in the CellSaic group
than in the suspension group. These results indicated
that cotransplantation of islets with hMSC CellSaics
increased the formation of blood vessels in transplanted
grafts, as compared to the formation of blood vessels
observed after transplantation of hMSCs alone.

In conclusion, we have described a new cell trans-
plantation platform, CellSaic, which incorporates RCP
petaloid pieces. Use of this CellSaic will enable the
transplantation of larger cell-based tissues than those
transplanted using conventional methods, with an
added benefit of preventing cellular necrosis. This plat-
form is expected to be advantageous in many fields,
including the development of cell therapies and the
transplantation of regenerated tissues and organs.
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Table S2. Number of vessels, histological evaluation
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petaloid) and MSCs only.
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