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In brief

Ajima et al. develop a maintenance-free,
replaceable porcine islet-encapsulating
device to secrete insulin in response to
hyperglycemia. Stability, permeability,
biocompatibility, and immunoisolation
were achieved by using a crosslinked
hydrogel and a semipermeable
membrane. Discordant
xenotransplantation of the device into
diabetic mice improved glycemic control
without immunosuppressants.
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MOTIVATION A shortage of donors and the need for immunosuppressants are major issues of islet trans-
plantation for the treatment of type 1 diabetes (T1D). Therefore, we are developing T1D treatment using
xenogeneic islets and bioartificial pancreas (BAP). However, no BAP devices currently meet all of the func-
tions of long-term glycemic control, islet survival, immunoprotection, discordant xenotransplantation feasi-
bility, and biocompatibility. To address this, we developed a hydrogel with long-term stability and perme-
ability for encapsulating islets in this study. Furthermore, we found an immunoprotective membrane with
high biocompatibility for wrapping xenogeneic islets and used them to develop BAP devices.

SUMMARY

Islet transplantation is an effective treatment for type 1 diabetes (T1D). However, a shortage of donors and the
need forimmunosuppressants are major issues. The ideal solution is to develop a source of insulin-secreting
cells and an immunoprotective method. No bioartificial pancreas (BAP) devices currently meet all of the func-
tions of long-term glycemic control, islet survival, immunoprotection, discordant xenotransplantation feasi-
bility, and biocompatibility. We developed a device in which porcine islets were encapsulated in a highly
stable and permeable hydrogel and a biocompatible immunoisolation membrane. Discordant xenotransplan-
tation of the device into diabetic mice improved glycemic control for more than 200 days. Glycemic control
was also improved in new diabetic mice “relay-transplanted” with the device after its retrieval. The easily
retrieved devices exhibited almost no adhesion or fibrosis and showed sustained insulin secretion even after
the two xenotransplantations. This device has the potential to be a useful BAP for T1D.

INTRODUCTION

Islet transplantation is an attractive therapy for unstable patients
with type 1 diabetes (T1D)." However, donor shortage is a
major problem, in addition to the continuous use of immunosup-
pressants. Islet xenotransplantation using porcine islets is draw-
ing attention as a means to overcome the donor shortage. In clin-
ical trials involving the transplantation of neonatal porcine islets
into diabetic patients in Sweden, serum porcine C-peptide was

Gheck for
Updates

detected and graft survival was confirmed.* Furthermore, in clin-
ical trials in New Zealand and Argentina, the glycemic control of
patients with T1D improved after they were transplanted with
alginate microcapsules encapsulating neonatal porcine islets.*

Pigs are an advantageous source for islet cells because they
have high fertility and because a large amount of islets can be
acquired at low cost. In addition, in contrast to human cadaver
donors, there would be minimal damage to the tissue due to
ischemia or lethal diseases, and quality-controlled and fresh
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organs and cells can be obtained. There is no concern about
tumorigenicity, which is a problem with embryonic stem cells
and induced pluripotent stem-derived cells.” In addition, pig-
to-human infectious diseases can be controlled by using path-
ogen-free pigs. Although infection of the porcine genome by
porcine endogenous retrovirus (PERV) is a concern, PERV infec-
tion has not yet been observed in humans in multiple clinical
studies.® ' However, innate immune reactions, acquired im-
mune reactions,'""'? and sustained inflammatory effects'® occur
in porcine islet xenotransplantation, and therefore administration
of multiple immunosuppressants is required. '

Accordingly, encapsulation of islets in a special capsule capable
of immunoisolation, known as a bioartificial pancreas (BAP), is a
promising method for protecting islets from rejection and inflam-
matory responses.'*'® Microcapsule BAPs using a polymer gel
have achieved positive results in clinical studies, including areduc-
tion in the required insulin amount and a decrease in HbA1c levels
and hypoglycemia unawareness.'”~'® However, there are prob-
lems, such as insufficient immunoisolation ability, degradation of
the capsules, and difficulty in the complete retrieval of the cap-
sules. To address these problems, large-sized macrodevice
BAPs with robust mechanical strength have been developed in
recent years.'®'® BAir,”°? developed by BO, Technologies, is a
Teflon membrane chamber with a port for oxygen supply that is
embedded in a multilayered structure of alginate gel containing hu-
man islets. Subcutaneously transplanted BAir devices have
achieved insulin secretion for 10 months. However, BAir requires
daily oxygen supplementation. ViaCyte is conducting clinical trials
(NCT04678557, NCT02239354) involving subcutaneous trans-
plantation of semipermeable devices called PEC-Encap that
contain human embryonic stem cell-derived pancreatic progenitor
cells.?>?° Nonetheless, problems have been found with the supply
of oxygen and nutrients to the cells and with the biocompatibility of
the device. Currently in clinical trials (NCT03163511), PEC-Directis
a direct vascularization device that unfortunately requires the use
of immunosuppressants.”® In addition, new macrodevices that
promote angiogenesis have been developed, including Sernova’s
Cell Pouch®”?® and Defymed’s MailPan.?® However, clinical trials
of macrodevices have not yet reported excellent long-term trans-
plantation results, even with allogeneic transplantation. Cell
engraftment by macrodevices is even more difficult in xenotrans-
plantation than in allogeneic transplantation. Necessary improve-
ments include more appropriate biocompatible materials with suf-
ficient supplies of oxygen and nutrients, maintenance of secretory
insulin permeability for rapid glycemic control, the maintenance of
isolation from the host’s immune system, and the ability to sup-
press the inflammatory response.*°

Here, we created a BAP device by encapsulating adult porcine
islets in a developed alginate gel with excellent permeability and
stability and then enclosing them in a highly biocompatible semi-
permeable membrane bag with immunoisolation capability. The
transplantation of these devices into the abdominal cavities
of immunocompetent wild-type diabetic mice without the use
of any immunosuppressant led to a clear and rapid lowering of
blood glucose and long-term glycemic control and survival of
porcine islets. One of its main advantages is that it can be easily
retrieved with almost no adhesion, even after long-term trans-
plantation. Furthermore, the devices still functioned after their
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retrieval from the first transplanted mice and their relay-trans-
plantation into new immunocompetent wild-type diabetic mice.
This is the first report of such a device that still functioned after
two transplants and that therefore withstood discordant xenoge-
neic biological reactions twice.

RESULTS

Device fabrication

Figure 1A shows the appearance of the fabricated transplantation
device. It is a semipermeable membrane bag (10 X 24 mm), and
both ends are heat sealed (size without seal: 10 x 20 mm). An algi-
nate gel encapsulating porcine islets is enclosed in the bag (Fig-
ure 1A). The molecular weight cut-off for the semipermeable
membraneis 100 kDa. Figure 1B shows a schematic of the device
production and transplantation. The porcine pancreas was ex-
tracted and digested by collagenase. The porcine islets were
dispersed in a sodium alginate solution and encapsulated in a
semipermeable membrane bag. The devices were intraperitone-
ally transplanted into immunocompetent diabetic mice not being
administered immunosuppressants. Figure 1C shows the chem-
ical structural formulas of both natural and chemically modified
sodium alginate.

Alginate gel stability in vitro

In stability tests (Figure 2A), the Ca®* crosslinked 50 pL-0.5% nat-
ural alginate gel (NAG) was shaken in physiological saline. Aimost
all alginate was eluted after 1 h. In the Ca®* crosslinked 200 pL-
1.0% NAG, approximately 35% of the alginate was dissolved af-
ter 5 h shaking (Figure 2A). Although the dissolution rate was
lower for thicker gels, a significant amount of NAG still dissolved.
In contrast, the 50 pulL-0.5% chemically crosslinked alginate gel
(CCAQG) did not disintegrate even after 96 h (Figure 2A). Thus,
the CCAG had much better gel stability than the NAG.

Glucose, insulin, and IgG permeability in vitro

In permeability testing of glucose and insulin in the semiperme-
able membrane alone, both molecules showed good perme-
ability (Figures 2B and 2C). In permeability testing of the device
(semipermeable membrane + alginate gel), the thinner the gel,
the faster the transmission speed (Figure 2D). For insulin,
approximately 80% of human insulin permeated within 4 h in
both NAGs and CCAGs (Figure 2E). For IgG, both the NAG and
CCAG devices did not pass most of the IgG-FITC (Figure 2F).

Complement permeability

A sensitized sheep erythrocyte hemolysis test was performed to
examine the permeability of complement in the semipermeable
membrane or in various alginate gels. Although the hemolysis
rate of sensitized sheep erythrocytes was about 10% in all gels
(Figure 2G, green and blue), the rate was almost 0% in the semi-
permeable membranes (Figure 2G, gray). The device can thus
prevent the reaction of complement against the inner cells.

Simulation of device thickness, inner oxygen
concentration, and insulin secretion

A simulation was performed of the oxygen concentration in the
device, under the condition in which the device was in the
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Figure 1. Device production and transplantation into immunocompetent wild-type diabetic mice followed by relay-transplantation into a
second diabetic mouse

(A) Device comprising alginate gel encapsulating porcine islets in a semipermeable membrane (panel 1). Optical microscopic image of the device showing porcine
islets dispersed in the alginate gel (panels 2 and 3). Porcine islets encapsulated in alginate gel stained with FDA in a device before transplantation (panel 4).
Porcine islets encapsulated in alginate gel stained with propidium iodide in a device before transplantation. The porcine islets of the pre-transplant devices were
confirmed to survive in the alginate gel (panel 5). Bright-field image of porcine islets encapsulated in alginate gel. The sodium alginate in the device was gelled into
a sheet shape (panel 6). Scale bar, 200 um.

(B) The porcine pancreas was extracted from adult pigs and digested by collagenase solution. Porcine islets mixed with exocrine cells were purified according to
specific density (panel 1). The porcine islets were dispersed in either a natural sodium alginate solution or a chemically modified sodium alginate solution. By
immersing the device in a solution of calcium or barium ions to gel the sodium alginate, the porcine islets were encapsulated in the alginate gel in a semipermeable
membrane bag (panel 2). Devices comprising alginate gel encapsulating porcine islets were intraperitoneally transplanted into immunocompetent diabetic mice
not being administered immunosuppressants (panel 3).

(C) Chemical structural formulas of both natural and chemically modified sodium alginate. Sodium alginate with 4-(2-aminoethoxy)-N-(3-azidopropyl) benzamide
and sodium alginate with dibenzocyclooctyne-amine were covalently bonded to form chemically crosslinked alginic acid.
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Figure 2. Stability and permeability of gel/device

(A) Gel stability of the NAG and CCAG. The NAG sheet decomposed
within 1 h, whereas the CCAG sheet was stable with no decom-
position.

(B) Glucose permeated the semipermeable membrane bag to
almost 100% within 1 h.

(C) Insulin permeated the semipermeable membrane bag to 100%
in 4 h.

(D) Glucose passed through the device in 4 h.

(E) Up to 80% of the insulin passed through the device in 4 h.

(F) IgG permeability. A semipermeable membrane device contain-
ing the 200 uL-1.0% NAG device or the 50 ulL-0.5% CCAG device
retained most of the IgG-FITC in the device.

(G) Complement isolation. The hemolysis rate of erythrocytes in the
semipermeable membrane bag was 0% (gray). In the case of algi-
nate gel containing erythrocytes, the hemolysis rate of erythrocytes
was about 10% in both the NAG and CCAG (green and blue).

(H) Simulation of the oxygen permeability of the porcine islet-
encapsulating device. The oxygen concentration in the device was
simulated for each cross-section of the device in the z axis. For
devices containing 50-pL alginate gel, the oxygen concentration of
the gel near the surface exceeded 90% (blue), whereas that of the
gel in the device center was 40%-50% (light yellow).

(I) Simulations were performed to predict the percentage of insulin
secretion from porcine islets inside the device when the insulin
secretion at the partial pressure of oxygen at atmospheric pressure
(142 mmHg) was set to 100%. The partial pressure of oxygen inside
the abdominal cavity, that is, the partial pressure of oxygen at the
device surface layer, was set to 40 mmHg. The 50-uL alginate gel
device maintained more than 50% (green) insulin secretion, even in
the central region.
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intraperitoneal cavity and the encapsulated islet cells consumed
oxygen. The oxygen concentration in the islet-encapsulating de-
vice (semipermeable membrane + alginate gel + porcine islets)
was compared for each amount of alginate gel: 200, 100, and
50 pL (gel thickness: 1, 0.5, and 0.25 mm, respectively). The
number of islets per volume of these devices was 50, 100, and
200 islet equivalents (IEQ)/mm?3, respectively (1 IEQ: standard-
ized diameter of 150 um).®" Assuming an oxygen concentration
of 100% outside the device, the oxygen concentration near the
surface of the 1-mm alginate gel was 90% or more (Figure 2H,
blue). However, the oxygen concentration of the gel center
was 20% or less (red). On the other hand, in a thin 0.25-mm algi-
nate gel, the oxygen concentration of the center was maintained
at 40%-50% (Figure 2H, light yellow).

Insulin secretion fromislets is considered to decrease in a hyp-
oxic environment.*? A simulation was performed of insulin secre-
tory capacity according to the local oxygen pressure based on
the thickness of the device encapsulating the islets. Figure 2I
shows the simulation of porcine insulin secretion under perito-
neal cavity conditions (40 mmHg of partial pressure of oxygen)
for devices encapsulating porcine islets, setting insulin secretion
at a partial pressure of oxygen at atmospheric conditions
(142 mmHg) as 100%. In this case, insulin secretion at the devise
surface was estimated to be 80%-90% of that at atmospheric
pressure, and the internal insulin secretion of the 1-mm alginate
gel was less than 20% (Figure 2I, red). On the other hand, 50%-
60% insulin secretion of that of atmospheric pressure was main-
tained, even in the central part of the 0.25-mm alginate gel (Fig-
ure 21, green).

Alginate gel stability in vivo

Compared with the gels before transplantation (panels 1 and 2 in
Figure 3A), the 200 uL-1.0% NAG dissolved and fragmented af-
ter transplantation into the abdominal cavities of the mice for
3 months (panel 3 in Figure 3A, panels 1-3 in Figure 3B). In
contrast, the 50 ulL-0.5% CCAG maintained its shape without
fragmentation (panel 4 in Figure 3B), consistent with the in vitro
stability test results (Figure 2A).

Mechanical strength of cellulose membranes

Tension test results for a cellulose membrane (35 x 6 mm) cut
into a dumbbell shape are shown in Figure S5. The ultimate ten-
sion strengths in the longitudinal and lateral directions were 1.87
and 1.48 N, respectively, while the longitudinal or lateral fracture
strains were 6.10 and 7.53 mm, respectively.

Effectiveness of a porcine islet-encapsulating device

for xenotransplantation

Figure 3C shows the changes in non-fasting blood glucose levels
in immunocompetent wild-type diabetic mice intraperitoneally
transplanted with 200 pL-1.0% NAG devices encapsulating
porcine islets at 5,000, 10,000, and 12,000 IEQ without the use
of any immunosuppressants. Although some mice exhibited an
early increase in blood glucose after transplantation, some
mice showed improved blood glucose levels for over a year. Of
the 30 mice, 3 (10%) showed long-term glycemic control (Ta-
ble 1). Thus, a long-term improvement in blood glucose was
observed using the NAG, although it was still at a low rate. On
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the other hand, it was confirmed that some porcine islets were
alive in the device retrieved from the mice whose blood glucose
level increased 1 week after transplantation (Figure S1), indi-
cating that, even in such mice, not all of the islets in the devices
were destroyed. Two of the mice were found to have elevated
blood glucose levels after device retrieval, indicating that the
transplanted device helped to improve glycemic control. In other
mice, no increase in the blood glucose level could be confirmed
after retrieval. This may be because endogenous B cells had re-
generated over the long study period.****

Meanwhile, mice that were not transplanted with the device
remained hyperglycemic (Figure S2). From the Kaplan-Meyer
curve of the percentage of mice with improved blood glucose
levels after transplantation with a 200 plL-1.0% NAG device con-
taining 5,000, 10,000, or 12,000 IEQ porcine islets, the percent-
age of mice with improved blood glucose levels was found to be
better with 10, 000 or 12,000 IEQ than with 5,000 IEQ (Figure 3D).
As shown in the Kaplan-Meier curve in Figure 2D, the percentage
of mice with improved blood glucose levels was higher for
10,000 IEQ than for 5,000 IEQ, and there was no difference be-
tween 10,000 and 12,000 IEQ. Therefore, in this study, we set
the conditions at 10,000 IEQ because this number of porcine is-
lets seemed the most effective for identifying the optimal trans-
plantation device conditions. Next, to examine the optimal con-
ditions for the developed CCAG in this study, long-term glycemic
control was compared among diabetic mice transplanted with
various devices encapsulating 10,000 IEQ of porcine islets (Ta-
ble 1). With the minimal gel thickness, the minimal gel concentra-
tion, and a low induction rate of chemical crosslinking, the rate
was increased to 61.9% (the 50 pL-0.5% CCAG group; Fig-
ure 3E), which was significantly higher than that of the 200 pL-
1.0% NAG group (Figure 3F). These conditions suggest
improved nutrient and oxygen permeability and porcine islet sur-
vival. In glucose tolerance testing, the blood glucose levels in
mice transplanted with the 200 uL-1.0% NAG device (black cir-
cle) and the 50 uL-0.5% CCAG device (black triangle) increased
30 min after glucose administration and decreased to the pre-
administration levels 3 h later (Figure 3G). In addition, the serum
porcine insulin in mice transplanted with the 0.5% CCAG device
was about 1-5 mU/L from 2 to 31 weeks after transplantation
(Figure 3H). In an in vitro assay, the insulin secretion levels in
pre-transplant devices encapsulating 10,000 IEQ porcine islets
were approximately 1,000 mU/L (Figure 3l). In vitro assays
showed that insulin secretion from 0.5% CCAG devices
retrieved 178-214 days after transplantation was reduced
compared with pre-transplantation, but it was maintained at
approximately 60 mU/L (Figures 3l and 3J). From a paired t
test, in GSIS testing of the device before transplantation, insulin
secretion did not show a significant difference in glucose con-
centration dependence (Figure 3l), whereas, in GSIS testing of
the device after retrieval, insulin secretion showed a significant
increase in glucose concentration responsiveness (Figure 3J).
Thus, the islets inside the device survived over a long period of
time and exhibited glucose responsiveness.

To investigate the biological reaction to porcine islet-encapsu-
lating devices, we examined the devices retrieved over time from
the mice. For both the NAG and CCAG devices encapsulating
porcine islets, which were wrapped only in a thin, transparent
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Figure 3. Effectiveness of the devices

(A) Porcine islet-encapsulating alginate gel in pre- and post-
transplant devices.

(B) A 200 pL-1.0% NAG device encapsulating porcine islets
retrieved on day 143 after transplantation that still improved blood
glucose levels. Scale bar, 1 mm.

(C) Changes in non-fasting blood glucose levels in immunocom-
petent diabetic mice transplanted with a 200 uL-1.0% NAG device
encapsulating porcine islets.

(D) Kaplan-Meyer curve of the percentage of mice with an
improved blood glucose level after transplantation with a 200 pL-
1.0% NAG device encapsulating 5,000, 10,000, and 12,000 IEQ of
porcine islets (Bonferroni-adjusted p < 0.017).

(E) Changes in non-fasting blood glucose levels in immunocom-
petent wild-type diabetic mice transplanted with 50 plL-0.5%
CCAG devices encapsulating 10,000 IEQ of porcine islets.

(F) Kaplan-Meyer curve of the percentage of mice with an
improved blood glucose level after transplantation with a 50 pL-
0.5% CCAG device and a 200 pL-1.0% NAG device encapsulating
porcine islets (p < 0.001). (g) Intraperitoneal glucose tolerance test.
(H) Non-fasting blood porcine insulin in diabetic mice transplanted
with a 0.5% CCAG device encapsulating 10,000 IEQ of porcine
islets.

(I) Glucose-stimulated insulin secretion (GSIS) from 50 pL-0.5%
CCAG devices encapsulating 10,000 IEQ of porcine islets before
transplantation. Glucose concentration-dependent insulin secre-
tion was compared using a paired t test.

(J) GSIS from 0.5% CCAG devices encapsulating 10,000 IEQ of
porcine islets 178-214 days after transplantation. Glucose con-
centration-dependent insulin secretion was compared using a
paired t test.

(K) Devices retrieved from the abdominal cavity of immunocom-
petent wild-type diabetic mice.

See also Video S1.
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Table 1. Effectiveness of glycemic control in diabetic mice

Types of
alginate gel
used in
transplant
devices
(contains diabetic
10,000 mice

IEQ transplanted
porcine with the
islets) devices

A 200 pL-1.0% 30 3
NAG

B 200 pL-1.0% 7 0 0.0
CCAG
(induction
rate,
5.0%)

(6} 200 pL-0.5% 11 3
CCAG
(induction
rate,
5.0%)
D 100 pL-0.5% 7 3
CCAG
(induction
rate,
5.0%)

E 200 pL-0.5% 10 4
CCAG
(induction
rate,
2.3%)
F 100 puL-0.5% 13 5
CCAG
(induction
rate,
2.3%)
G 50 puL-0.5% 21 13
CCAG
(induction
rate,
2.3%)

No. of
diabetic
mice with
improved
blood
glucose
levels

Percentage
of diabetic
mice with
improved
blood
glucose
levels

10.0

No. of

27.3

42.9

40.0

38.5

61.9

film, almost no adhesion or notable fibrosis was visible even
more than 10 months after transplantation, and they were easily
retrieved. No device deformation or damage was observed (Fig-
ure 3K; Video S1).

Confirmation of device effectiveness relay-transplanted
into a second diabetic mouse

To prove that transplanted 50 pL-0.5% CCAG devices with
porcine islets maintained their function for a long time, they
were retrieved at 22-396 days after transplantation and relay-
transplanted into other immunocompetent wild-type diabetic
mice. Of the 31 transplanted mice, 16 exhibited blood glucose
levels below 300 mg/dL for 1 month (Figures 4A, 4B, and S3).
From the Kaplan-Meier curve, more than half of the mice
improved their blood glucose levels for 1 month (Figure 4C).
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About 1 month after transplantation, the relay-transplanted de-
vices were easily retrieved with almost no adhesion or fibrosis,
similar to after the first transplantation (Figure 4D). These re-
retrieved devices showed insulin secretion in vitro, even after
the two xenotransplantations (Figure 4E). A paired t test of
GSIS from the re-retrieved device showed no statistically signif-
icant difference due to the small sample size, although it seems
that there was a tendency for glucose responsiveness.

Immunohistochemical analysis of the devices

Regarding the hosts’ responses to the devices, the devices were
retrieved and stained 6 days after transplantation. No host cells
were found inside the device, although a single layer of macro-
phages was evident on the device surface (Figure 5A). T lympho-
cytes stained with anti-CD3 antibody were also found in a few
layers of cells attached to the surface of the device (Figure 5B).
Mesothelial cells were in the outermost layer of the thin film
formed on the surface of the device 3 months after transplanta-
tion (Figure 5C).

At more than 200 days after transplantation, there were some
areas where islets in the gel had disappeared compared with the
device before transplantation. However, both the 200 pL-0.5%
CCAG and 50 uL-0.5% CCAG devices encapsulating porcine is-
lets showed many existing porcine islets (panels 1-3in Figure 5D,
panels 1-3 in Figure 5E) that expressed insulin (green) and
glucagon (red) (panels 4-6 in Figure 5D, panels 4-6 in Figure 5E).
Host-derived mouse IgG was partially observed in the semiper-
meable membrane and on the surface of the gel (panel 7 in Fig-
ure 5D), but was hardly localized around the islets (panel 7 in Fig-
ure 5E, panel 7 in Figure 5F). Host-derived mouse C3 did not
invade the devices (panel 11 in Figure 5D, panel 11 in Figure 5E,
panel 11 in Figure 5F). Figure 5F shows tissue section images of
a 200 plL-0.5% CCAG device encapsulating porcine islets
retrieved 26 days after relay-transplantation after the 305-day
initial transplantation and Figure 5G shows a 50 plL-0.5%
CCAG device encapsulating porcine islets retrieved on day 41
of relay-transplantation after the 148-day initial transplantation.
In both devices, porcine islets survived and expressed insulin
and glucagon (panels 1-6 in Figure 5F, panels 1-6 in Figure 5G).
Host-derived mouse IgG and C3 did not invade the devices,
even after relay-transplantation (panels 7 and 11 in Figure 5G,
panels 7 and 11 in Figure 5G).

Electron microscopic analysis of the devices

The surface of the semipermeable membrane was smooth
before transplantation and contained numerous holes. The
cross-sections of the membrane showed sponge-like structures
(panels 1 and 2 in Figure 5H). The surface of a 50 uL-0.5% CCAG
device encapsulating porcine islets transplanted into diabetic
mice for 6 months had granular and sparse fibrous deposits
but the surface pores were not blocked. No substances were
determined to have invaded the sponge-like structure of the
semipermeable membrane (panels 3 and 4 in Figure 5H).

DISCUSSION

We developed macrodevices encapsulating porcine islets in a
highly stable and permeable alginate gel and biocompatible
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Figure 4. Effectiveness of the relay-transplanted devices

(A) Changes in non-fasting blood glucose levels in immunocompetent diabetic mice relay-transplanted with a device containing porcine islets. To verify that the
transplanted devices could maintain their function for a long time, devices were retrieved at 22-396 days after transplantation and relay-transplanted into other
immunocompetent wild-type diabetic mice. Porcine islet-containing devices with the crosslinked alginate gel were transplanted into immunocompetent diabetic
mice. The devices were retrieved from mice with effective control of blood glucose levels and relay-transplanted into new immunocompetent diabetic mice for
1 month. The graph shows the blood glucose levels of all 31 relay-transplanted mice. Of the 31 transplanted mice, 16 exhibited blood glucose levels below
300 mg/dL for 1 month.

(B) The average non-fasting blood glucose levels of the 31 relay-transplanted mice.

(C) Kaplan-Meyer curve of the rate of mice with an improved blood glucose level after relay-transplantation with a 50 uL-0.5% CCAG device encapsulating
porcine islets.

(D) Devices retrieved after relay-transplantation. The device was retrieved at 198 days after transplantation from an immunocompetent wild-type diabetic mouse
and subsequently retrieved at 40 days after transplantation into a second immunocompetent wild-type diabetic mouse, panel 1 of (B). The device was retrieved at
178 days after transplantation from an immunocompetent wild-type diabetic mouse and then retrieved 40 days after transplantation into a second immuno-
competent wild-type diabetic mouse, panels 2-4 of (B).

(E) Glucose-stimulated insulin secretion at 26-40 days after relay-transplantation into a second immunocompetent wild-type diabetic mouse. After trans-
plantation into immunocompetent diabetic mice for 178-305 days, the devices were retrieved and transplanted into new immunocompetent wild-type diabetic
mice. Glucose concentration-dependent insulin secretion was compared using a paired t test.
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semipermeable membrane bags and intraperitoneally trans-
planted them into immunocompetent wild-type diabetic mice
in this study. Some important results were obtained. First,
long-term glycemic control was achieved in immunocompetent
diabetic mice, despite discordant xenotransplantations without
the use of immunosuppressants (Figures 3C and 3E). Further-
more, after relay-transplantation into a second diabetic mouse,
the glycemic control was also improved (Figures 4A and 4B).
Thus, our new device is unprecedented in its ability to resist
discordant xenogeneic biological reactions twice. The reason
for relay-transplantation in this study was not to reuse the graft,
but to evaluate its function under the severe conditions of two
transplantations. As shown in Figures 3l and 3J, the GSIS from
0.5% CCAG devices encapsulating 10,000 IEQ of porcine islets
178-214 days after transplantation was reduced to about 5% (1/
20) compared with the GSIS from 50 uL-0.5% CCAG devices
encapsulating 10,000 IEQ of porcine islets before transplanta-
tion. This suggests that about 500 IEQ islets survived. The death
of many porcine islets in the device early after transplantation to
mice was expected, but the fact that the islets survived for a long
time probably contributed substantially to the decrease in blood
glucose levels. The device was able to be retrieved because no
adhesion or fibrosis occurred in the abdominal cavity of the mice
over an extended period of time. Therefore, it was possible to
quantify the survival rate of porcine islets as insulin secretion
from the whole device. In addition, unlike those from neonatal
or juvenile porcine islets or pluripotent stem cells, adult porcine
islets do not differentiate in vivo when transplanted. Hence, the
amount of insulin secreted by individual islets does not increase
and it will thus reflect the islet survival rate. However, it was diffi-
cult to quantify the amount of viable porcine islets in the device

Figure 5. Representative immunohistochemical and electron mi-
croscopy images of the devices

(A) A 6-day transplanted 0.5% CCAG device was stained with anti-F4/80
antibody and DAPI.

(B) A 6-day transplanted 0.5% CCAG device was stained with anti-CD3 anti-
body and DAPI.

(C) The thin film that formed on the surface of a 3-month transplanted 0.5%
CCAG device was stained with anti-mesothelin antibody and DAPI.

(D) H&E images of 200 uL-0.5% CCAG device islets retrieved at 242 days after
transplantation (panels 1-3). Immunostaining with anti-insulin and anti-
glucagon antibodies (panels 4-6); anti-lgG and anti-insulin antibodies (panels
7-10); and anti-C3 and anti-insulin antibodies (panels 11-14).

(E) H&E images of a 50 ulL-0.5% CCAG device retrieved 214 days after
transplantation (panels 1-3). Immunostaining with anti-insulin and anti-
glucagon antibodies (panels 4-6); anti-lgG and anti-insulin antibodies (panels
7-10); and anti-C3 and anti-insulin antibodies (panels 11-14).

(F) H&E images of a 200 uL-0.5% CCAG device retrieved on day 26 of relay-
transplantation after an initial transplantation for 305 days (panels 1-3). Im-
munostaining with anti-insulin and anti-glucagon antibodies (panels 4-6); anti-
IgG and anti-insulin antibodies (panels 7-10); and anti-C3 and anti-insulin
antibodies (panels 11-14).

(G) H&E images of a 50 uL-0.5% CCAG device retrieved on day 40 by relay-
transplantation after an initial transplantation for 178 days (panels 1-3). Im-
munostaining with anti-insulin and anti-glucagon antibodies (panels 4 and 5).
Scale bar, 50 pm.

(H) SEM images of the devices. Surface (panel 1) and cross-section (panel 2) of
the semipermeable membrane. Surface (panel 3) and cross-section (panel 4)
of a 50 ulL-0.5% CCAG device transplanted into a diabetic mouse for
6 months. Scale bar, 1 um.
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by histological evaluation or blood porcine insulin concentration.
Although the insulin content of individual encapsulated islets
retrieved from mice has been reported, it is difficult to fully
retrieve intraperitoneal microcapsules and total insulin secretion
in all capsules cannot be quantified.>® This is another
outstanding aspect of our device.

The second advantage of this device is that it elicits only
minimal inflammatory responses. There are many reports of
capsule and device fibrosis after inflammatory responses.*¢°
In addition, xenotransplantation of 10,000 IEQ microencapsu-
lated neonatal porcine islets into mice showed more severe
cell infiltration and cell adhesion than empty capsules.”’
Although alginate gel encapsulation has been reported to pre-
vent xenograft rejection, hydrogels alone are still problematic
in terms of strength and gradual dissolution over long periods
of time.* However, in the initial and even in the relay-transplan-
tation, only thin transparent films formed around our devices,
and there was no evident fibrotic tissue formation, granulation
tissue formation, or adhesions. This property also facilitated
the retrieval and replacement of the device. It was also found
that if the film around the device is thin, the exchange of nutrients
and oxygen can be sufficient, and the porcine islets can survive.
Surprisingly, the device was completely wrapped in the film.
However, it did not adhere to the surface of the cellulose mem-
brane at all and could be peeled off smoothly.

The third advantage is that the device was isolated from the
immune reaction. Immunohistochemical analysis revealed that
no host cells invaded the devices, indicating that it can block
cell-mediated immunity. The retrieved devices showed that
IgG and C3 (Figures 5D-5G) had hardly invaded the devices,
consistent with the in vitro results (Figures 2F and 2G). These
findings suggest that the device can also protect against humor-
al immunity. However, other substances involved in immunity
(e.g., cytokines, chemokines, nitric oxide) that are smaller than
100 kDa in weight are believed to permeate the devices®***
and these substances cannot be blocked by membranes and
gels alone. For the immunoprotective function of the device, it
may be important that not only IgG and complements but also
small-molecule cytokines, such as IFN-v, IL-18, and TNF-«, do
not diffuse into the device.*® The invasion of cytokines has not
been investigated this time, but it seems that further investigation
is required.

Our data show that CCAGs are superior to NAGs and that
highly stable CCAGs help to ensure that the devices are effective
for long-term glycemic control. Furthermore, CCAGs had no
adverse effect on cell survival, similar to NAGs, as evidenced
by their good glycemic control effect. In addition, CCAG condi-
tions comprising a lower gel concentration, lower induction
rate of chemical crosslinking, and lower gel amount exhibited
the most effective glycemic control in diabetic mice (Table 1).
This is consistent with the results of the oxygen pressure simula-
tion (Figures 2F and 2G). Oxygen pressure in the portal vein (a
standard site of islet transplantation) has been reported to be
approximately 40 mmHg.** However, the oxygen pressure in
the transplanted islets themselves is very low at 5 mmHg.** 8
In contrast, our transplanted devices are estimated to be
exposed intraperitoneally to an environment under oxygen pres-
sure of approximately 30-40 mmHg.***®“° The oxygen concen-
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tration in the central part of devices with 50-pL alginate gel (thick-
ness, 0.25 mm) would be 40%-50% of that outside the device
(Figure 2F). Therefore, the central partial pressure of oxygen
was predicted to be 16-20 mmHg, suggesting that the oxygen
concentration is well above the lower limit for islet survival.

We have created macrodevices for islet transplantation using
alginate gels and semipermeable membranes. However, multi-
ple studies of devices for the treatment of T1D have been
conducted. In these studies, chitosan gel and ethylene-vinyl
alcohol devices that encapsulated rat pancreatic islets were
transplanted intraperitoneally or subcutaneously into mice.%*"
The devices were observed only up to 1 month after transplanta-
tion, and it is unclear whether long-term function can be
maintained. In addition, they involved concordant xenotrans-
plantation in which rat pancreatic islets were transplanted into
mice, and the immune response received by the devices differs
from that of our transplantation of porcine pancreatic islets into
mice, that is, discordant xenotransplantation. Treatment of
T1D using xenogeneic islets requires the development of macro-
devices that can avoid and resist the immune response of
discordant xenotransplantation and maintain device function
for a long period of time.

Although many studies of alginate gels combining derivatives
and ion gelation have been reported,®”°” there are no studies in
which the transplanted alginate gel device has functioned in vivo
for a long period of time. However, studies have reported that
ion-crosslinking azido alginate gels have high physical/chemical
stability,>*>* show a low host immune response, and have few
foreign reactions and minimal inflammation.® In addition, the
ion-crosslinking azido alginate gel has good cellular compati-
bility between human and rat pancreatic islets®® and exhibits
high biological activity in cell adhesion and cell proliferation
assays.”®°” These results support the results of improved
long-term transplant outcomes with our device.

In this study, 10,000 IEQ porcine islets were required to
improve blood glucose levels in immunocompetent wild-type
diabetes mice (Figure 5D). The large number of porcine islets
required for xenotransplantation is due to the low transplant sur-
vival of porcine islets after transplantation, not the low insulin
secretory capacity of porcine islets.”®°? In general, the number
of islets required to improve blood glucose levels in mouse dia-
betes models is species dependent. In the case of subrenal
capsule transplantation into immunocompromised mice, which
is often used in experiments due to its relatively high viability, it
has been reported that 100-200 islets are required for mouse is-
lets®'~%® and 500-2,000 islets for human islets,®*°° while porcine
islets require significantly more islets, about 2,000-12,600
|EQ)67774

One of the reasons for the low survival rate is suggested to
be the brittleness of porcine islets. It has been reported that, dur-
ing the isolation process, porcine islets are isolated from
exocrine cells and the basement membrane of the pancreas by
collagenase, resulting in diverse sizes and heterogeneous
morphology, and that porcine islets are particularly fragile.”>"®
Therefore, porcine islets are assumed to show low survival. In
contrast, when porcine islets are transplanted into monkey dia-
betes models or humans, efficacy has been observed at
10,000-20,000 IEQ/kg,""'#"98 which is higher than, but not
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so different from, that of islet transplantation from human donors
to humans (5,000-15,000 IEQ/Kg). Although the mechanism has
not been fully elucidated, there seems to be a large species dif-
ference. In conclusion, transplantation of porcine islets into dia-
betic mice generally requires many porcine islets. In addition, un-
like subrenal capsule transplantation, device-encapsulated
transplantation might require an even higher number of islets
because of the distance from the blood vessels and the disad-
vantage in terms of oxygen supply. However, there might
be an advantage for device transplantation in terms of the phys-
ical protection of fragile porcine islets by their encapsulation in
alginate gel. We will consider dose optimization for chemically
modified alginate gel devices once the device conditions are
optimized.

For device sizes, one device (2 cm?) of this study contained
10,000 IEQ of porcine pancreatic islets. For the transplantation
of 10,000 IEQ/kg into a human (weight, 60 kg), 60 devices would
be required, giving a total calculated area of 120 cm?. This is
about the size of a postcard and therefore does not seem to
be unrealizable. However, efforts to decrease the size even
further are needed, by, for example, making the thickness of
the gel more uniform, precisely arranging the islets so that the
distance between them is constant, or placing the islets in two
layers, front and back. In addition, if device improvements can
reduce the loss of porcine islets after transplantation, the
required transplantation amount can be further reduced. Mice
transplanted with the device are clearly divided into cases where
the blood glucose returns to hyperglycemia and cases where the
blood glucose levels can be improved for a long period of time in
the early stage after transplantation. The reason is still unknown.
In addition, the reason why cellulose membranes are less likely
to cause adhesions and inflammation is also unclear. We need
to clarify the reason why the device does not cause a foreign
body reaction or an immune reaction.

Limitations of the study

This study has some potential limitations. First, the device has
been shown to be highly permeable to glucose, insulin, and ox-
ygen under each device condition. However, it is less permeable
than naked porcine islets due to the encapsulation of the porcine
islets with alginate gel and cellulose membrane. Due to the prop-
erty of the device itself, the insulin response might be delayed.
This was not a major problem in mice but might be a problem
in humans.

Second, a large number of porcine islets needs to be trans-
planted to improve blood glucose levels in diabetic mice for a
long period of time. Many porcine islets die early after transplan-
tation to mice. However, it is also true that a small number of
porcine islets survive long term in the device. It would be useful
to know the differences in characteristics and conditions
between surviving and dead islets. Unfortunately, however, it is
not yet possible to distinguish between islets that survive for a
long time and islets that die early (e.g., size, shape, and other fac-
tors). To reduce the number of porcine islets to be transplanted,
it is necessary to devise ways to eliminate the initial loss.

Third, although a mouse model was used in this study, if the
devices need to be transplanted into the abdominal cavity of hu-
mans, risks not seen by transplantation into small animals, such
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as mice, should be tested with particular care in large animals.
One such risk is organ damage. We are considering experiments
involving the xenotransplantation of porcine islet-containing de-
vices into large animals and aim to develop devices that enable
more efficient long-term cell survival without the use of immuno-
suppressants. It seems important to ensure that no foreign body
reaction or cellular overgrowth is induced in various animals and
in humans.®”°8 This is a subject for future research.

Fourth, for fibrosis, the mechanistic reason why the device did
not undergo strong fibrosis is not clear. The device bag used in
this study is made of cellulose acetate. Although it is not used
as a drug, it is used as a dialysis membrane for hemodialysis
treatment and as a patch, and it is a material that exhibits
enhanced biocompatibility via the reaction of cellulose with ace-
tic acid and the acetylation of hydroxyl groups. Furthermore,
the membrane has mechanical strength and there is no risk of
dissolution, unlike with hydrogels. This device does not cause
adhesion or severe fibrosis after implantation. However, a very
soft and thin membrane is formed on the surface after transplan-
tation. This thin film did not adhere to the device at all and peeled
off easily without resistance. In other words, it seems to be
different in nature from the fibrous tissue caused by the usual
foreign body reaction. Importantly, this thin film does not inter-
fere with permeability or small-molecule exchange, and the cells
inside the device can survive. How it differs from conventional
fibrous tissue is a future research topic.

Finally, only 2 of the 30 mice showed elevated blood glucose
levels after device retrieval. In cases where blood glucose did
not rise after removal, we speculate that pancreatic 3 cells might
have regenerated in diabetic mice during the long-term observa-
tion period. This occurred at a higher rate than reported previ-
ously, but we speculate that the ability to avoid hyperglycemia
for a very long period may effectively promote B cell regenera-
tion. Another possibility is that living cells, such as porcine islets,
may be producing some unknown factors to accelerate the 3 cell
regeneration. Because the aim of this study was to evaluate the
function of the porcine islet device, we did not pursue in depth
the B cell regeneration in mice; instead, we proved that the grafts
were functional after long-term relay-transplantation into another
diabetic mouse.

We created a semipermeable membrane bag device in which
porcine islets were encapsulated in a developed alginate gel
and intraperitoneally transplanted into immunocompetent wild-
type diabetic mice in this study. This device permitted long-term
glycemic control without the need for immunosuppressants.
Devices created using the developed CCAG, which achieved
both good stability and permeability, exhibited maintained islet
engraftment and glycemic control even after relay-transplanta-
tion. The device could prevent rejection without immunosuppres-
sive drugs and can withstand discordant xenotransplantation
twice. Our aim is to further improve the device for potential clinical
application.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Guinea pig polyclonal anti-insulin antibody Abcam Cat#ab195956; RRID: AB_2877638
Rabbit polyclonal anti-glucagon antibody ImmunoStar Cat#20076; RRID: AB_572241

Rabbit mesothelin polyclonal antibody

Rabbit monoclonal anti-CD3 antibody

Rabbit polyclonal anti-F4/80 antibody

Rat monoclonal anti-C3 antibody

Goat polyclonal anti-guinea pig I9gG (H + L)
secondary antibody labeled with CF ™488A
Goat polyclonal anti-guinea pig IgG (H + L)
secondary antibody labeled with Alexa Fluor 647

Goat polyclonal anti-rabbit IgG (H + L)
cross-adsorbed secondary antibody Alexa Fluor Plus 647

Goat polyclonal anti-rat IgG (H + L)
cross-adsorbed secondary antibody Alexa Fluor 488

Goat anti-rabbit IgG (H + L) superclonal
recombinant secondary antibody Alexa Fluor 488

Biological samples

Thermo Fisher Scientific
Abcam
Abcam
Abcam
Biotium

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Cat#PA5-79698; RRID: AB_2746813
Cat#ab16669; RRID: AB_443425
Cat#ab100790; RRID: AB_10675322
Cat#ab11862; RRID: AB_2066623
Cat#20017; RRID: AB_10559033

Cat#A-21450; RRID: AB_2735091

Cat#A32733; RRID: AB_2633282

Cat#A-11006; RRID: AB_2534074

Cat#A27034; RRID: AB_2536097

Fetal bovine serum Biosera Cat#FB-1003/500
Complement control Denka Seiken Co., Ltd. Cat#400376
Chemicals, peptides, and recombinant proteins

Natural sodium alginate (SeaMatrix®) Mochida Pharmaceutical Co., Ltd. Cat#ALG100
Streptozotocin Sigma-Aldrich Cat#S0130
Medetomidine hydrochloride (DOMITOR®) Nippon Zenyaku Kogyo Co., Ltd. N/A

Midazolam (SANTOZ®) Sandoz K.K. N/A
Butorphanol tartrate (Vetorphale®) Meiji Seika Pharma Co., Ltd N/A

Isodine solution 10% Mundipharma K.K. N/A

Medium 199 Thermo Fisher Scientific Cat#11043-023
Gentamicin sulfate (Gentacin®) Takata Pharmaceutical Co., Ltd. N/A
Atipamezole hydrochloride (Antisedan®) Nippon Zenyaku Kogyo Co., Ltd. N/A

Dithizone Sigma-Aldrich Cat#43820
Alginate lyase Nippon Gene Co., Ltd. Cat#319-08261
0.1% Tween 20 MP Biomedicals Cat#103168

1gG-FITC

Collagen gel

One-point CH50 buffer
Brightase-C
Functionality/Viability solution
10% formaldehyde solution
Neoprene W 0.5%

Carrazzi’'s Hematoxylin solution
Eosin

Antigen retrieval buffer (100x Citrate Buffer pH 6.0)
Blocking One Histo

VECTASHIELD Vibrance Antifade
Mounting Medium with DAPI

Sigma-Aldrich

Nippi Inc.

Denka Seiken Co., Ltd.

Nippi Inc.

Corning

Fuijifilm Wako Pure Chemical Corporation
Nisshin EM Co., Ltd.

Fujifilm Wako Pure Chemical Corporation
Sakura Finetek Japan Co., Ltd.

Abcam

Nacalai Tesque

Vector Laboratories

Cat#F9636-1M
Cat#ASC-11-100-100PW
Cat#400024
Cat#892432
Cat#99-786-CV
Cat#16223-55
N/A

N/A

N/A

N/A
Cat#06349-64
Cat#H-1800

el Cell Reports Methods 3, 100370, January 23, 2023

(Continued on next page)



Cell Reports Methods @ CellPress

OPEN ACCESS

Continued
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Critical commercial assays

Semipermeable membranes (Biotech CE) Repligen Corporation MWCO 100 kDa

Glucose Assay Kit BioAssay Systems Cat#EBGL-100

Insulin Human ELISA Kit Mercodia Cat#10-1113-01

Porcine insulin ELISA kit Mercodia Cat#10-1200-01

Kawamoto’s film method Section-Lab Co., Ltd. N/A

Experimental models: Organisms/strains

C57BL/6NCr mice SLC Japan 10-12 weeks, male

Clawn miniature pig Japan Farm CLAWN Institute >3 years old; >50 kg;
n = 25; male and female

NIBS miniature pig Nisseiken Co., Ltd. >3 years old; >50 kg;

n = 25; male and female

Software and algorithms

SPSS Statistics IBM Corp. Version 27
Other
Glucose meter (Glutest Neo Alpha®) Sanwa Kagaku Kenkyusho Co., Ltd. N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contract, Masayuki
Shimoda (mshimoda@hosp.ncgm.go.jp).

Materials availability
There are restrictions to the availability of the chemically modified sodium alginate due to the patent (PCT/JP2020/025,324) of Mo-
chida Pharmaceuticals Co., Ltd.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal models

All animal experiments were approved by the Institutional Review Board of the National Center for Global Health and Medicine (permis-
sion number: 21,013). Adult miniature pigs (> 3 years old; >50kg; n =25; male and female) were used as donors. All pigs were obtained
from the Japan Farm CLAWN Institute (Clawn miniature pig; Kagoshima, Japan) and Nisseiken Co., Ltd. (NIBS miniature pig; Tokyo,
Japan) and were transported to Narita Animal Science Institute (NAS Institute, Chiba, Japan) for breeding. Pig pancreata were removed
as previously described®' at NAS Institute and transported to the National Center for Global Health and Medicine. Porcine islets were
isolated by a modification of a previously described method.®" Porcine islets were purified and evaluated as described.?'#?

The obtained porcine islets were cultured at 37°C in a 5% CO, atmosphere overnight in Medium 199 (Thermo Fisher Scientific,
Carlsbad, CA) supplemented with 10% heat-inactivated fetal bovine serum (Biosera, Kansas City, MO). After the overnight culture,
the islet number was counted based on size (50-400 um), and the obtained islet yield was calculated by converting the number of
islets to the IEQ. Porcine islet viability was evaluated by the ratio of the number of fluorescein diacetate (FDA)-stained cells to the
number of propidium iodide (Pl)-stained cells in one islet, and a total of 50 islets was counted and averaged. Porcine islet purity
was expressed as a percentage of the islets stained with dithizone (DTZ) to total pancreatic digestive tissue. Porcine islets with a
purity of 70% or higher were used for bioartificial islet device production and transplantation.
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Porcine islet isolation and device fabrication
Pancreata (Figure S4A) excised from adult pigs were treated with collagenase to obtain adult pig pancreatic islets (Figure 1B). Fig-
ure S4B is an image of isolated porcine islets stained with DTZ. The red-stained clusters indicate porcine islets, and the unstained
cells are tissues other than endocrine cells, such as exocrine cells and adipocytes. Figure S4C shows FDA-stained living porcine
islets, and Figure S4D shows Pl-stained dead porcine islets in the same field of view. Most of the islet cells in the clusters were alive.
Figure 1E is a bright-field image of porcine islets.

Device production

The tubular semipermeable membrane (MWCO 100 kDa, Biotech CE, Repligen Corporation, MA) was sealed on one side with a heat
sealer (Fuji Impulse Co., Ltd., Chiba, Japan) and the other side was open. Porcine islets were dispersed in sodium alginate solutions.
The suspension was placed in the bottom of an envelope-shaped semipermeable membrane with a micropipette. The enclosure was
then folded to close it and sealed with a heat sealer. The sodium alginates in the devices were then gelled in CaCl, (55 mmol L")
solution or BaCl, solution (20 mmol L") for 10 min and washed in saline for 10 min.

Two types of alginates were used: a natural sodium alginate (SeaMatrix, Mochida Pharmaceutical Co., Ltd., Tokyo, Japan) and a
developed chemically modified sodium alginate (Figure 1C) in this study. The average molecular weight of natural sodium alginate is
170-180 kDa. It is an aqueous solution with a viscosity of approximately 100 mPa s in a 1% solution. M represents mannuronic acid
and G represents guluronic acid, which are polysaccharides with a structure in which two kinds of uronic acids are linearly polymer-
ized. Uronic acid has one carboxyl group and can be ion-crosslinked. Porcine islets dispersed in a 1.0% sodium alginate aqueous
solution were gelled by barium ion crosslinking of 20 mmol L~ BaCl, in a semipermeable membrane bag. In contrast, the chemically
modified sodium alginate (Figure 1C, PCT/JP2020/025,324) was formed using covalent bonds between sodium alginate with 4-(2-
aminoethoxy)-N-(3-azidopropyl) benzamide and sodium alginate with dibenzocyclooctyne-amine. The viscosity of chemically modi-
fied sodium alginate is 50-150 mPa s in a 1% solution.

Porcine islets were dispersed in a 0.5% or 1.0% mixed aqueous solution of sodium alginate containing 4-(2-aminoethoxy)-N-(3-
azidopropyl) benzamide and sodium alginate containing dibenzocyclooctyne-amine. In the case of chemically modified alginic acid,
the percentage of crosslinked groups introduced is shown as the “induction rate”, in which the total number of carboxyl groups in
alginic acid is 100%. The induction rate was selected to be 2.3%-5.0% as long as the stability of the alginate gel was improved and
the permeability of glucose and insulin could be maintained. They formed a CCAG comprising a covalent bond and calcium ion cross-
linking in a semipermeable membrane bag.

Immunocompetent wild-type diabetic mice and xenotransplantation

Immunocompetent wild-type diabetic mice were used as recipients (Figure 1B). Male C57BL/6NCr mice (10-12 weeks) were ob-
tained from SLC Japan (Shizuoka, Japan). Mice were intraperitoneally injected with 145 mg/kg streptozotocin (STZ; Sigma-
Aldrich, St. Louis, MO) in citrate buffer (pH 4.5) to induce diabetes. Mice whose blood glucose levels were confirmed to continuously
be 300 or more and 600 mg/dL or less were used as a diabetes model for transplantation.

The prepared porcine islet-encapsulating alginate devices were transplanted into the abdominal cavities of 99 immunocompetent
wild-type diabetes model mice without the use of immunosuppressants (Figure 1B). The transplanted devices comprised the
following seven groups: 200 plL-1.0% NAG-containing semipermeable membrane devices transplanted into 30 mice; 200 pL-
1.0% CCAG (induction rate, 5.0%)-containing semipermeable membrane devices transplanted into 7 mice; 200 pulL-0.5% CCAG (in-
duction rate, 5.0%)-containing semipermeable membrane devices transplanted into 11 mice; 100 puL-0.5% CCAG (induction rate,
5.0%)-containing semipermeable membrane devices transplanted into 7 mice; 200 uL-0.5% CCAG (induction rate, 2.3%)-containing
semipermeable membrane devices transplanted into 10 mice; 100 pulL-0.5% CCAG (induction rate, 2.3%)-containing semipermeable
membrane devices transplanted into 13 mice; and 50 uL-0.5% CCAG (induction rate, 2.3%)-containing semipermeable membrane
devices transplanted into 21 mice (Table 1). The transplanted devices retrieved from 31 of these mice were re-transplanted into the
abdominal cavity of new diabetic mice (relay-transplantation) (panel 3 in Figure 1B).

Alginate gel stability

The mechanical strength of the alginate gel was evaluated in vitro by the degree of elution of sodium alginate into an aqueous solution.
The natural sodium alginate and chemically modified sodium alginate were each dissolved in saline. The two types of chemically
modified sodium alginate solutions were mixed in equal amounts immediately before use. These alginate solutions were rapidly
enveloped in a semipermeable membrane bag (24 x 10 mm) and immersed in a 55 mmol L~" CaCl, solution for 10 min to form a
hydrogel. Chemically modified sodium alginate with an induction rate of 2.3% was used for the CCAGs. The alginate hydrogels
were removed from the semipermeable membrane, and three pieces of the hydrogels were immersed in 12 mL saline and shaken
at 37°C. The aqueous solution was collected over time. Upon completion of the testing, 12 uL of alginate lyase (319-08261, Nippon
Gene Co., Ltd., Tokyo, Japan) was added to the test solution, which was then shaken overnight at 37°C to completely dissolve the
hydrogel. The alginate concentration in the collected aqueous solution was measured by the carbazole-sulfuric acid method. Data
are representative of three independent experiments and values are expressed as mean + SEM
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Diffusion of glucose, insulin, and IgG

The substance permeability of the device for glucose, insulin, and IgG was evaluated in vitro. The glucose and insulin solutions
comprised 250 pg glucose and 500 ng insulin in saline with 0.1% Tween 20 (103,168, MP Biomedicals, Irvine, CA). The IgG solution
consisted of 250 nug IgG-FITC (F9636-1ML, Sigma-Aldrich) in saline with 0.1% Tween 20. Alginate solution was added to equal
amounts of glucose, insulin, or IgG solution, which was then rapidly enveloped in a semipermeable membrane and immersed in a
55 mmol L~' CaCl, solution for 10 min. The enveloped alginate hydrogel was immersed in 40 mL saline with 0.1% Tween 20 and
stirred and the aqueous solution was collected over time. Glucose, insulin, and IgG-FITC concentrations in the collected aqueous
solution were respectively measured with a Glucose Assay Kit (EBGL-100, BioAssay Systems, Hayward, CA), with an Insulin Human
ELISA Kit (10-1113-01, Mercodia, Uppsala, Sweden), or by monitoring the fluorescence intensity with excitation/emission wave-
lengths of 485/535 nm. Data are representative of three independent experiments and values are expressed as mean + SEM

Complement isolation

To investigate the complement sequestration ability of the semipermeable membrane or alginate gel, the envelope-form semiperme-
able membrane and alginate gel-containing sensitized sheep erythrocyte solution was shaken in a physiological saline solution mixed
with human serum. The hemolysis rate of the sheep erythrocytes was examined. Collagen gel (ASC-11-100-100PW, Nippi Inc., To-
kyo, Japan) was used as a control. The natural sodium alginate, chemically modified sodium alginate, and collagen were each dis-
solved in One-point CH50 buffer (400,024, Denka Seiken Co., Ltd., Tokyo, Japan). A solution comprising 150 pL alginate solution with
50 pL sensitized sheep erythrocytes was enveloped in a semipermeable membrane (24 x 10 mm) and immersed in a 55 mmol L~"
CaCl, solution for 10 min to form a hydrogel. Regarding collagen gelation, a solution comprising 150 pL chilled collagen solution with
50 pL sensitized sheep erythrocytes was enveloped in a semipermeable membrane (24 x 10 mm) and immersed in saline at 37°C for
30 min. The hydrogel extracted from the semipermeable membrane was immersed in 3 mL saline with 10 uL complement control
(400,376, Denka Seiken Co., Ltd.) and incubated at 30°C for 24 h. Upon completion of the testing, 1.5 uL of alginate lyase or
Brightase-C (892,432, Nippi Inc.) was added to the test solution, which was then shaken at 37°C to completely dissolve the hydrogel.
The hemolysis was measured by recording the absorbance intensity at 541 nm. Data are representative of three independent exper-
iments and values are expressed as mean + SEM

Simulation of oxygen diffusion and insulin secretion
The relationship between the thickness of the device and the oxygen concentration inside the device or the amount of insulin secre-
tion was simulated and evaluated. Oxygen diffusion and insulin secretion were calculated under the following conditions:

The oxygen consumption rate of islets was assumed to be constant, at 0.06 x 10~ mol s~'-IEQ~"®® and uniform throughout the
hydrogel, including the islets.

For convenience, the Bunsen solubility coefficient, « (the relationship between the oxygen concentration and oxygen tension), was
assumed to be identical among different environments, such as the medium, tissue, and hydrogel, and was roughly estimated to be
1.45 x 1072 mol m~3-mmHg~"-%*

The oxygen concentration of the hydrogel surface was assumed to be at a steady state at 6590 mg m~2 (142 mmHg) under nor-
moxic conditions and 1860 mg m~2 (40 mmHg) in the peritoneal cavity.

In this simulation, we assumed that the semipermeable membrane allows oxygen to pass 100% freely and quickly, and the calcu-
lation was based only on the gel thickness.

Equation 1 is the diffusion equation for the oxygen concentration at steady state when the hydrogel was placed in the Cartesian
coordinate system.

azc(XJ’Z) aZC(XJ’Z) azc(x.yz) .
02DA8< we T ay? T2 — lo, (Equation 1)

A diffusion coefficient Dae 0f 2.7 - 107° m2.s7 8586 was used, and ro2 was calculated from the islet number and the oxygen con-
sumption rate. The x, y, and z directions were equally divided into x = iA, y = jA, and z = kKA and the concentration was finite-differ-
entiated by the node value of C (x, y, z) = C;;, as shown in Equation 2:

A2er,,

Ae

6 (Equation 2)

CiJ.k == |:Ci—1,/'.k + Ci+1J.k + Cij+1,k + Cij—tk + Cu‘_k+1 + Ci.j,k—1 -
To simulate insulin secretion, oxygen concentration was converted to oxygen tension, pO,, using Equation 3:
C = a-p0O, (Equation 3)

Insulin secretion was simulated using oxygen tension as previously described.®’ Briefly, second-phase insulin secretion, Spo2, Was
calculated using Equation 4:

s 20z)? -
#322 _ (n;c))z . (Equation 4)
1+ (5)
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Mechanical strength of the cellulose membranes

The cellulose ester membrane was cut into a 35 x 6-mm dumbbell shape, shown in Figure S5. Five specimens of each group were
tested under uniaxial tensile load (Instron 5969, Norwich, MA) by pulling both ends of the membranes in water at a rate of
200 mm/min.

Transplantation and retrieval of the devices

STZ-induced diabetic mice were anesthetized by subcutaneous injection of a mixture of medetomidine hydrochloride (0.75 mg/kg;
DOMITOR, Nippon Zenyaku Kogyo Co., Ltd., Fukushima, Japan), midazolam (4 mg/kg; SANTOZ, Sandoz K.K., Tokyo, Japan), and
butorphanol tartrate (5 mg/kg; Vetorphale, Meiji Seika Pharma Co., Ltd., Tokyo, Japan). Their abdomens were then shaved and ster-
ilized using 2% isodine (Mundipharma K.K., Tokyo, Japan), and an approximately 3-cm incision was made along the midline of the
abdomen. The devices were washed with FBS-free M199 medium for 30 min and then with saline for 30 min before transplantation.
They were transplanted into the intraperitoneal cavities of mice without fixation to tissue and without the use of immunosuppressants.
Before the incision was closed, gentamicin sulfate (Gentacin, Takata Pharmaceutical Co., Ltd., Saitama, Japan) was intraperitoneally
administered to prevent device contamination. The incision in the peritoneum was then closed using 5-0 nylon sutures and the skin
was closed over the incision using wound clips. To awaken mice from anesthesia, atipamezole hydrochloride (0.75 mg/kg, Antisedan,
Nippon Zenyaku Kogyo Co., Ltd.) was subcutaneously administered. The entire procedure was performed on a heating pad set to
approximately 38°C. When the device was retrieved from the mouse, the animal was anesthetized in the same manner as for the
transplant. After the abdomen incision, the device was retrieved from the abdominal cavity along with the tissue formed around
the device to prevent bleeding.

Relay-transplantation

To investigate the efficacy of the devices retrieved from the mice, they were re-transplanted into new diabetic mice, and their effect
on blood glucose levels was observed. As in the case of the first transplantation, only gentamicin was administered intraperitoneally,
and no immunosuppressive or anti-inflammatory drug was used.

Blood glucose level monitoring
Non-fasting blood glucose levels were monitored two or three times a week following device transplantation. The blood glucose
levels were measured using a glucose meter (Glutest Neo Alpha, Sanwa Kagaku Kenkyusho Co., Ltd., Aichi, Japan) with a measure-
ment range of 0-600 mg/dL.

The conditions considered to indicate suppression of the rise in the blood glucose level were:

1. Blood glucose levels dropped to 300 mg/dL or less after transplantation.
2. Blood glucose levels were maintained below 300 mg/dL until device retrieval.
3. Blood glucose levels exceeded 300 mg/dL three or fewer times.

Intraperitoneal glucose tolerance test

To evaluate the efficacy of the devices transplanted into the diabetic mice, glucose (1.5 g/kg) was intraperitoneally administered after
6 h fasting and the blood glucose levels were monitored for 180 min. An intraperitoneal glucose tolerance test was performed for
diabetic mice transplanted with porcine islet-encapsulating 200 uL-1.0% NAG devices and porcine islet-encapsulating 50 plL-
0.5% CCAG devices, non-diabetic control mice without device transplantation, and diabetic mice without device transplantation.
Data are representative of 6-10 independent experiments and values are expressed as mean + SEM

Kaplan-Meier survival curve

A Kaplan—Meier survival curve was compared by the log rank method with SPSS Statistics software (version 27; IBM Corp.). Differences
between groups were analyzed using a log rank (Mantel-Cox) test. Statistical significance among three groups was set at a Bonferroni-
adjusted p < 0.017. After device transplantation, all mice had blood glucose levels below 300 mg/dL. The total number of mice whose
blood glucose level dropped to 300 mg/dL or less after transplantation—that is, the total number of transplanted mice—was set to
100%. Thereafter, the point at which blood glucose levels rose again was defined as the occurrence of an event. Mice that died while
maintaining blood glucose levels of 300 mg/dL or less and mice from which the device had been retrieved were censored.

Porcine insulin in the blood serum of mice

Mouse serum was obtained by centrifugation of blood collected from the cheek of the mouse every 2 or 3 weeks after transplantation.
Porcine insulin levels in the serum of device-transplanted mice were measured using a porcine insulin ELISA kit (Mercodia). The
crossover rate between porcine insulin and mouse insulin is 0.3% or less.
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Glucose-stimulated insulin secretion

To evaluate insulin secretion from porcine islet-encapsulating devices, we performed glucose-stimulated insulin secretion of the de-
vice before transplantation, of the device after retrieval from the first transplanted mice, and of the device after retrieval from relay-
transplanted mice. After the devices were retrieved from the abdominal cavities of the mice, the thin films that formed around the
devices were removed before the glucose-stimulated insulin secretion test was performed. The devices were sequentially incubated
at 37°C in medium (Functionality/Viability solution, CMRL 1066 [-] glucose, Corning, NY) containing low glucose (2.8 mM) for 2 h after
two 30-min washes in a low-glucose solution and then incubated in medium containing high glucose (25 mM) for 2 h, before finally
being incubated in medium containing low glucose (2.8 mM) for 2 h after a 1-h wash. The secretion of porcine insulin from devices was
measured using a porcine insulin ELISA kit (Mercodia). Data are representative of 18 independent experiments and values are ex-
pressed as mean + SEM

Immunohistochemical analysis of the devices and surrounding tissues
Devices retrieved from the abdominal cavities of the mice were evaluated histologically. After the devices were retrieved from the
abdominal cavity of the mice, the thin film formed around the devices was removed if the glucose-stimulated insulin secretion
test was to be performed. Therefore, the film was not adhered to the histological evaluation of the device in such cases. The retrieved
devices were fixed in 10% formaldehyde solution (Fujifilm Wako Pure Chemical Corporation, Osaka, Japan). The samples were
embedded in paraffin using an automatic paraffin-embedding device. Because the thin slices of the semipermeable membrane of
the device easily peeled off from the slide glass and the thin slices of the alginate gel fragmented easily, paraffin sections were ob-
tained at 3-um thickness using Kawamoto’s film method (Section-Lab Co., Ltd., Hiroshima, Japan)®® to prevent slice loss. In addition,
the sections were placed on a glass slide coated with neoprene W 0.5% (Nisshin EM Co., Ltd., Tokyo, Japan) and then on a hot plate
at 54°C to strengthen the adhesive force. The Kawamoto film was immersed in xylene at 60°C until it peeled off. The sections were
then deparaffinized with xylene and ethanol. The deparaffinized slices were stained with hematoxylin (Carrazzi’s Hematoxylin solu-
tion, Fuijifilm Wako Pure Chemical Corporation) and eosin (Sakura Finetek Japan Co., Ltd., Tokyo, Japan) (H&E). The H&E-stained
sections were observed with a fluorescence microscope (BZ-X710; Keyence Corporation, Osaka, Japan).

In addition, the devices were examined by immunohistochemistry for porcine insulin and glucagon, as well as mouse IgG and C3.
The device and the surrounding tissues were stained with anti-F4/80 antibody, anti-CD3 antibody, and anti-mesothelin antibody.

For immunostaining with F4/80, CD3, and mesothelin, antigen retrieval was performed using an antigen retrieval buffer (100x Cit-
rate Buffer pH 6.0; Abcam, Cambridge, UK) for 10 min at 95°C. For immunostaining with insulin, glucagon, IgG, and C3, antigen
retrieval was not performed. Deparaffinized slices were blocked for 10 min at room temperature with Blocking One Histo (Nacalai
Tesque, Kyoto, Japan). They were then incubated overnight with primary antibodies at a dilution of 1:100-400 at 4°C, followed by
incubation with secondary antibodies at a dilution of 1:500 at room temperature for 1 h and protection from light. They were then
mounted on glass slides with VECTASHIELD Vibrance Antifade Mounting Medium or VECTASHIELD Vibrance Antifade Mounting
Medium with DAPI (Vector Laboratories, Burlingame, CA). Images were visualized under an all-in-one fluorescence microscope
(BZ-X710) at 10x and 20x magnification.

Antibodies

Guinea pig polyclonal anti-insulin antibody was obtained from Abcam (ab195956) and used as primary antibody at a dilution of 1:400.
Rabbit polyclonal anti-glucagon antibody was obtained from ImmunoStar (20,076; Hudson, WI) and used as primary antibody at a
dilution of 1:400. Rabbit mesothelin polyclonal antibody was obtained from Thermo Fisher Scientific (PA5-79698) and used as primary
antibody at a dilution of 1:100. Rabbit monoclonal anti-CD3 antibody was obtained from Abcam (ab16669) and used as primary anti-
body at a dilution of 1:100. Rabbit polyclonal anti-F4/80 antibody was obtained from Abcam (ab100790) and used as primary anti-
body at a dilution of 1:200. Rat monoclonal anti-C3 antibody was obtained from Abcam (ab11862) and used as primary antibody at a
dilution of 1:100. Goat polyclonal anti-guinea pig IgG (H + L) secondary antibody labeled with CF 488A was obtained from Biotium
(20,017; Fremont, CA) and used at a dilution of 1:500. Goat polyclonal anti-guinea pig IgG (H + L) secondary antibody labeled with
Alexa Fluor 647 was obtained from Thermo Fisher Scientific (A-21450) and used at a dilution of 1:500. Goat polyclonal anti-rabbit IgG
(H + L) cross-adsorbed secondary antibody Alexa Fluor Plus 647 was obtained from Thermo Fisher Scientific (A32733) and used at a
dilution of 1:500. Goat polyclonal anti-rat IgG (H + L) cross-adsorbed secondary antibody Alexa Fluor 488 was obtained from Thermo
Fisher Scientific (A-11006) and used at a dilution of 1:500. Goat anti-rabbit IgG (H + L) superclonal recombinant secondary antibody
Alexa Fluor 488 was obtained from Thermo Fisher Scientific (A27034) and used at a dilution of 1:500.

Scanning electron microscopic analysis

The device was evaluated using an electron microscope before and after transplantation. Devices retrieved from the abdominal
cavities of mice were fixed with 2% paraformaldehyde and 2% glutaraldehyde (in 30 mM HEPES buffer containing 100 mM NaCl
and 2 mM CaCl,) [pH 7.4]) for 24 h at 4°C and washed with 30 mM HEPES buffer [pH 7.4]. Fixed samples were dehydrated in a graded
ethanol series and immersed in t-butyl alcohol, frozen, and dried by a vacuum evaporator (JFD-20, JEOL, Tokyo, Japan). For mem-
branes that were not transplanted into mice, phosphate buffered saline-soaked devices were washed with deionized distilled water,
dehydrated in a graded ethanol series, and air-dried. These samples were coated with Pt using a magnetron sputter (MSP-1S, Vac-
uum Device, Ibaraki, Japan) and examined in a scanning electron microscope (IT-300, JEOL).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data is presented as mean + SEM unless otherwise noted. A Kaplan—Meier survival curve was compared by the log rank method with
SPSS Statistics software (version 27; IBM Corp.). Differences between groups were analyzed using a log rank (Mantel-Cox) test.
Glucose concentration-dependent insulin secretion was compared using a paired t-test.Sample sizes, statistical analyses are re-
ported in the figures, and p values are reported in the legends.
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