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Background. Islet transplantation is a promising treatment for type 1 diabetes. It has the potential to improve glycemic
control, particularly in patients suffering from hypoglycemic unawareness and glycemic instability. As most islet grafts do
not function permanently, efforts are needed to create an accessible and replaceable site, for islet grafts or for insulin-pro-
ducing cells obtained from replenishable sources. To this end, we designed and tested an artificial, polymeric subcutaneous
transplantation site that allows repeated transplantation of islets. Methods. In this study, we developed and compared
scaffolds made of poly(D,L,-lactide-co-g-caprolactone) (PDLLCL) and polycaprolactone (PCL). Efficacy was first tested in
mice, and then, as a proof of principle for application in a large animal model, the scaffolds were tested in pigs, as their skin
structure is similar to that of humans. Results. In mice, islet transplantation in a PCL scaffold expedited return to normo-
glycemia in comparison to PDLLCL (7.7 +£3.7 versus 16.8+6.5 d), but it took longer than the kidney capsule control group.
PCL also supported porcine functional islet survival in vitro. Subcutaneous implantation of PDLLCL and PCL scaffolds in pigs
revealed that PCL scaffolds were more stable and was associated with less infiltration by immune cells than PDLLCL scaf-
folds. Prevascularized PCL scaffolds were therefore used to demonstrate the functional survival of allogenic islets under the
skin of pigs. Conclusions. To conclude, a novel PCL scaffold shows efficacy as a readily accessible and replaceable,

subcutaneous transplantation site for islets in mice and demonstrated islet survival after a month in pigs.
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slet transplantation is a promising approach for the treat-

ment of type 1 diabetes (T1D). It has the potential for
physiological glucose regulation, particularly in patients with
severe hypoglycemic unawareness and glycemic instability. By
optimal regulation of the glucose levels, it prevents long-term
complications, comorbidities, and improves the quality of
life.! However, a transplantation site that supports long-term
islet function is still not available. Currently, islets are infused
into the portal vein, but for multiple reasons, the liver does
not efficiently support long-term functional islet survival.>*
For example, thrombosis or instant blood-mediated inflam-
matory reactions occur. A recent cohort study reported that
the median graft survival is approximately only 5.9 y after
multiple islet infusions.® This limits the potential of larger-
scale application of the intraportal site. Islet transplantation
will be more readily available for a larger group of patients
when it can be performed in a readily accessible transplanta-
tion site where graft recovery and repeated grafting are pos-
sible. This will also support the potential use of replenishable
cell sources, like insulin-producing cells derived from stem
cells. These cells might show functional issues and need to be
retrieved and replaced.®

To create a more readily accessible and replaceable site,
we developed a subcutaneous islet transplantation proce-
dure by using a polymeric scaffold.”® Briefly, the scaffold is
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placed under the skin to allow vascularization and dampen-
ing of tissue responses.”” After 4wk, islets are transplanted
into the scaffold. In our development process, we have tested
several polymer types. Poly(D,L,-lactide-co-g-caprolactone)
(PDLLCL) was selected as it successfully supported islet func-
tion in diabetic rodent studies.”® Nevertheless, we observed
signs of PDLLCL degradation (i.e., changes in the physical
properties of the polymer, such as strength, color, shape, and
weight) 12wk post-transplantation in mice. Therefore, in this
study, we compare PDLLCL with a polymer more resistant
to biodegradation, that is, polycaprolactone (PCL). PCL is
extensively used in clinical studies.!®!" Its degradation pro-
file and tissue response are well documented.!! Furthermore,
the characteristics of PCL make the polymer suitable for 3D
printing, which would be beneficial for upscaling and stand-
ardizing the manufacturing process.

Here, we first compared the efficacy of these 2 polymers
when incorporated into a scaffold for subcutaneous islet
transplantation in diabetic mice. To test its applicability for
potential use in humans, we also tested this scaffold in a large
animal model with a skin structure similar to human’s.'>3 As
a proof of principle and to demonstrate functional survival,
we tested in vitro survival and function of porcine islets cul-
tured on the 2 polymers and determined functional responses
after 1-mo implantation in an allogeneic porcine transplanta-
tion model.

MATERIALS AND METHODS

Mice Scaffold Manufacturing

PCL (Mn 80.000; Sigma-Aldrich, Zwijndrecht, the
Netherlands) and PDLLCL (Sigma-Aldrich) polymer particles
were dissolved in chloroform (4% w/v) and mixed with 250-
425-um sodium chloride particles (10:1 w/w; Sigma-Aldrich)
in a polytetrafluorethylene (PTFE) petri dish as described
previously.® After drying, the sodium chloride particles were
removed by washing with H,O. This created a sheet with an
interconnected network of pores with different sizes ranging
from 250 to 425 um. The sheet was resized in rectangle scaf-
folds of 1.0 by 1.5 cm with a thickness of 0.2 cm. Islet channels
were created by a 25G needle (B. Braun Medical B.V., Oss,
the Netherlands) and polyethylene tubing (diameter 0.5 mm;
Brinkman, ‘s-Gravenzande, the Netherlands) was placed in
the channels to prevent ingrowth of cells in the channels.

Before implantation, the pores of the scaffolds were filled
with mouse fibrin by adding 1 uL mouse thrombin (100 U/mL
in distilled water; Molecular Innovations, Novi) to 100 uL
of fibrinogen solution (2mg/mL in CMRL (Corning Cellgro,
Manassas; Abcam, Waltham). After 1-h incubation at room
temperature and 1h at 37°C, the solution formed a fibrin gel.

Transplantation Efficacy in Mice

All animal procedures were approved by the University
of California Irvine, Institutional Animal Care and Use
Committee (#AUP-17-129/AUP-17-241). Islets were iso-
lated from 250-300g male Sprague-Dawley rats (Envigo,
Livermore) as previously described by Smink et al.® Briefly,
pancreata were distended with Collagenase V (Sigma-Aldrich)
in Hank’s Balanced Salt Solution (HBSS; Gibco; Thermo
Fisher Scientific, Waltham) and dissected. After an 18 min of
incubation at 37°C, islets were purified from the exocrine tis-
sue using a Ficoll density gradient (Gradient stock solution;
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Corning Cellgro). The islets were cultured overnight in CMRL
supplemented with 10% newborn calf serum (Equitech-Bio,
Kerrville), 2mM glutamine (Corning Cellgro), 10 mM HEPES
(Corning Cellgro), and 1% penicillin/streptomycin (Fisher
Scientific).

Diabetes was induced in male athymic nude mice (Charles
River, Wilmington) by intraperitoneal injection with 180 mg/
kg streptozotocin (Sigma-Aldrich). After diabetes was con-
firmed (glucose > 350mg/dL), insulin implants (LinBit;
LinShin, Scarborough, Canada) were subcutaneously
implanted to stabilize glycemic control. At the same time, the
scaffolds were implanted under the skin on the back to allow
vascularization of the scaffolds before islet transplantation.

Four weeks after subcutaneous implantation, an inci-
sion was made next to the scaffold to remove the tubing.
Subsequently, 800 islet equivalent (IEQ) was injected into
the scaffold using a 23G Hamilton syringe (SGE Analytical
Science, Austin). The control mice received the same number
of islets under the kidney capsule, as this is considered the
gold standard for rodents. The insulin implants were removed
directly after islet transplantation, and all mice received post-
surgery analgesia (buprenorphine 0.05mg/kg [Par Sterile
Products, Rochester] and ibuprofen 0.2 mg/mL). After 65 d,
the islet grafts were removed, and the blood glucose levels
were measured for another 10 d to prove that the reduction
in blood glucose levels was graft dependent and not caused by
pancreas regeneration.

Porcine Islets

Porcine islets were isolated from 7- to 9-d -old pre-weaned
Yorkshire pigs (Premier Biosource, Escondido) as described by
Lamb et al.'* (#AUP-17-129). Briefly, pancreata were dissected
and stored in ice-cold HBSS. Subsequently, they were cut into
small pieces (1 mm?) and digested incubating with 2.5 mg/mL
type V collagenase solution in HBSS (Sigma-Aldrich, St. Louis)
at 37°C for 15 min while shaking (100 rpm). After digestion,
the tissue was washed with HBSS containing 1% porcine
serum (Gibco) and filtered using a 500-um metal mesh.

As these islets were immature and required prolonged
culture,”® the islets were cultured for 7 d in maturation
media (IMM) composed of Ham’s F-12 medium (Corning
Inc., Midland) supplemented with HEPES (Sigma-Aldrich),
L-glutathione (Sigma-Aldrich), ITS+3 (Sigma-Aldrich), nico-
tinamide (Sigma-Aldrich), gentamycin sulfate (Corning Inc.),
Trolox (Sigma-Aldrich), heparin (Sagent Pharmaceuticals,
Schaumburg), pefabloc (Santa Cruz Biotechnology, Santa
Cruz), L-glutamine (Alfa Aesar; Thermo Fisher Scientific),
medium 199 (Corning Inc.), calcium chloride dihydrate
(Thermo Fisher Scientific), Dnase (Sigma-Aldrich), 1X anti-
biotic/antimycotic solution (Corning Inc.), and 10% porcine
serum (Sigma-Aldrich). On day 1, a 100% media change
was performed with IMM. The same was done on day 3, but
then the IMM was supplemented with 100 uM Necrostatin-1
(Abcam, Cambridge, UK). On day 5, a 50% media change
with necrostatin-1 supplemented IMM was conducted, fol-
lowed by a 100% media change on day 7 with IMM contain-
ing necrostatin-1.

In Vitro Culture

Before performing a porcine transplantation study, we
investigated the direct consequences of these 2 polymers on
the functional survival of porcine islets in vitro. To this end,
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glass petri dishes (40 mm) were coated with 8% (w/v) PCL and
8% PDLLCL in chloroform (Merck Millipore, Amsterdam,
the Netherlands) by using a Convac 1001S spin coater (ST
143 control unit; Convac, Wiernsheim, Germany). After 7 d
of maturation, porcine islets were divided over the PCL and
PDLLCL-coated petri dishes and control wells in a nontreated
6-well plate (Corning Inc.). On days 1, 3, and 7, islet viability
and function were tested.

Islet viability was determined with a Calcein AM
(Invitrogen; Thermo Fisher Scientific) and propidium
iodide (PI; Invitrogen) staining. Briefly, islets were incu-
bated with 50 uM Calcein AM and 0.025 mg/mL PI for
30 min at room temperature. Staining intensity was meas-
ured using a microplate reader (Tecan Infinite F200; Tecan,
Mannedorf, Switzerland) and viability was calculated as
Calcein AM-positive cells/(Calcein AM-positive cells +
PI-positive cells) x 100.

To measure the in vitro porcine islet function, a glucose-
stimulated insulin secretion assay was performed. Briefly, 3
batches of 100 IEQ per sample were incubated for 1h at 37°C
in low-glucose media (2.8 mM). Subsequently, the islets were
incubated for 1h at 37°C in high-glucose media (28 mM).
Followed by a 1-h incubation with low-glucose media. A por-
cine insulin ELISA kit (Mercodia, Winston Salem) was used
according to the manufacturer’s instructions to quantify the
insulin concentrations after each incubation.

Large Scaffold Manufacturing

PCL and PDLLCL scaffolds were obtained as described previ-
ously.® Briefly, polymer particles were dissolved in chloroform
(4% wiv) and mixed with 250-425-um sodium chloride par-
ticles (10:1 w/w) in a PTFE petri dish. After stirring, a cus-
tom-made PTFE ring with 6 16G needles was placed in the
solution to form the islet channels. The sheet was washed,
removed from the petri dish, and the ring with the needles was
removed, resulting in a scaffold with a 6.7-cm diameter and
0.4-cm thickness. The channels were kept free of cell ingrowth
during the prevascularization period by placing polyethylene
tubing (diameter 1.5mm) in the channels. Before implanta-
tion, the pores of the PCL and PDLLCL scaffold were filled
with porcine fibrin by using porcine fibrinogen (2 mg/mL;
Molecular Innovations) and porcine thrombin (100 U/mL;
Molecular Innovations) as described above.

Tissue Responses In Vivo

To study the in vivo tissue responses against the polymers,
the scaffolds were implanted in subcutaneous pockets on the
back of 4-mo-old Yucatan minipigs (Premier Biosource). Each
pig received a PCL and a PDLLCL scaffold (n = 4). After
12wk, the scaffolds were processed for histology and gene
expression analysis.

For histological analysis of the tissue responses, the scaf-
folds were cut in half, fixated in either 2% paraformaldehyde
(PFA) or 10% formalin, and processed for paraffin embed-
ding. PFA-fixated sections were used for a myeloperoxidase
(MPO) staining, indicating granulocytes and neutrophils. To
this end, antigen retrieval was applied using a Tris-EDTA solu-
tion. Nonspecific binding was blocked by a 30-min incubation
with 10% normal goat serum (Sigma-Aldrich). Subsequently,
sections were incubated for 24 h with the primary MPO anti-
body (1:50; Abcam, Cambridge, UK). A goat antirabbit alka-
line phosphatase-conjugated antibody (1:100; Abcam) was
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used as secondary antibody. The alkaline phosphatase activity
was demonstrated by incubating the sections for 10 min with
SIGMAFAST Fast Red (Sigma-Aldrich) and a 20-s incubation
with hematoxylin.

A similar protocol was followed for staining of mac-
rophages, CD3, and CD31 on formalin-fixated sections.
Briefly, for antigen retrieval, citrate buffer, EDTA, and Tris-
HCL, respectively, were used. Nonspecific binding was
blocked by a 30-min incubation with 10% normal goat
serum (Sigma-Aldrich). Subsequently, sections were incu-
bated either 1h with the primary macrophages (prediluted;
Abcam) and CD3 (prediluted; Abcam) antibodies or overnight
with the CD31 antibody (1:50; Abcam). The macrophage
staining included an avidine and biotin block, after which
the sections were incubated for 30 min first with the biotin-
labeled secondary antibody (1:100; Agilent, Amstelveen, the
Netherlands) and second with a streptavidin-alkaline phos-
phatase (1:100, SouthernBiotech, Uden, the Netherlands).
For the CD3 and CD31 sections, a goat anti-rabbit alkaline
phosphatase-conjugated antibody (1:100; Abcam) was used
as secondary antibody. For all 3 stains, the alkaline phos-
phatase activity was demonstrated as described above for
the MPO staining. Images of all stains were obtained using a
Leica DM2000 LED microscope with a Leica DFC 450 cam-
era (Leica Microsystems B.V., Amsterdam, the Netherlands).

For gene expression analysis, samples were processed for
real-time reverse-transcription polymerase chain reaction
(RT-PCR). First, RNA was isolated using Trizol (Invitrogen)
according to manufacturer’s instructions. Subsequently,
cDNA was reverse transcribed by using a SuperScript III
Reverse Transcriptase kit (Life Technologies; Thermo
Fisher Scientific, Groningen, the Netherlands). After which
RT-PCR was conducted using the ViiATM Real Time PCR
system (Life Technologies) with Tagman primer/probes
(TagMan Gene Expression Assays) (Thermo Scientific,
Table 1) and qPCR Mastermix Plus (Eurogentec, Seraing,
Belgium). Reactions were performed at 50°C for 2 min,
95°C for 10 min, 95°C for 15s, and 60°C for 60s, repeat-
ing these last 2 steps for 40 cycles. Delta Ct values were
calculated and normalized against the expression of the
housekeeping gene GAPDH.

Porcine Transplantation Study

As proof of principle, islets were transplanted into pre-
implanted scaffolds in nondiabetic pigs. For this, 1 scaffold
was implanted under the skin of a 4-mo-old Yucatan pig for
12wk (n = 2). Islets were isolated from 7-9-d-old preweaned

Assay IDs of RT-PCR genes

Gene Assay ID

CD31 (PECAMT) S$s03392600_u1
VEGFa S$s03393993_m1
CD105 (Endoglin) $s03391353_m1
aSMA (ACTA2) Ss04245588_m1
CSF1 Ss03373560_g1
Coltat Ss03373340_m1
TGFb S$s03382325_u1
GAPDH Ss03375629_u1

RT-PCR, reverse-transcription polymerase chain reaction.
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Yorkshire pigs and cultured for 7 d to allow maturation.
After 12wk, an incision was made next to the scaffold to
remove the tubing. Subsequently, 5000 IEQ was injected into
each channel. Four channels were filled with islets; there-
fore, each pig received a total of 20 000 IEQ. To prevent
rejection, the pigs received 1500 mg oral cyclosporine (Teva
Czech Industries/Teva Pharmaceuticals, North Wales) per
day until the end of the study. Cyclosporine was started 1wk
before transplantation with a gradual increase up to the final
dosage.®

After 1 mo, a local glucose tolerance test was performed.
Briefly, a subcutaneous pouch surrounding the scaffold was
carefully created by keeping the tissue covering the scaf-
fold intact. Subsequently, a 15 mmol glucose solution was
injected into this pouch, and samples were taken from this
solution at 0, 5, 30, 60, 90, 120, 140, and 180 min. The same
was done for a control sham site to be able to distinguish
between insulin produced by the pig itself and that of the
graft. The in vivo function test was followed by the removal
of the scaffold and an in vitro function test with the whole
scaffold and processing for histological analysis as both
described above.

Insulin Staining

For histological analysis of insulin-positive cells within
the PCL scaffold 1 mo after transplantation, the scaffold
was fixated in 2% PFA and processed for paraffin embed-
ding. Briefly, sections were incubated for 1h with the primary
insulin antibody (1:300; Sigma-Aldrich). Nonspecific bind-
ing was blocked by a 15-min incubation with 10% normal
goat serum, followed by a 45-min incubation with the bio-
tin-labeled secondary antibody (1:100; Agilent, Amstelveen,
the Netherlands) and second incubation with a streptavidin-
alkaline phosphatase (1:100, SouthernBiotech, Uden, the
Netherlands). The alkaline phosphatase activity was dem-
onstrated using SIGMAFAST Fast Red (Sigma-Aldrich) and
hematoxylin counterstain.

Statistical Analysis

Statistical analysis of the data was conducted in GraphPad
Prism (version 9.2.0; GraphPad Software, Inc., La Jolla). Data
were tested for normality by a Shapiro-Wilk normality test.
The in vitro viability, functionality, and the gene expression
data were analyzed with respectively a 1-way analysis of vari-
ance with a Tukey post hoc test, a 2-way analysis of variance,
and a Kruskal-Wallis with a Dunn’s post-hoc test. P values
<0.05 were considered significant.

RESULTS

Expedited Reversal of Hyperglycemia by Islets
Within PCL Scaffolds

To compare the efficacy of the prevascularized PCL and
PDLLCL scaffolds, 800 rat islets were transplanted into
subcutaneous scaffolds in diabetic nude mice. In agree-
ment with our previous study,® mice that received islets in
the PDLLCL scaffold became normoglycemic (<150 mg/
dL) within 16.8 6.5 d after transplantation (Figure 1).
Recipients of islets in the PCL scaffold became normogly-
cemic within 7.7=3.7 d. This is 2 times faster than mice
with PDLLCL scaffolds, and the blood glucose levels were
also more stable. The time to become normoglycemic was
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longer for the scaffold-carrying mice than for the grafts
under the kidney capsule (2.7 = 1.1 d). This was statistically
significant for PDLLCL (P < 0.05). All animals with a suc-
cessful transplant remained normoglycemic until the end
of the study (65 d). After removing the grafts, all animals
became hyperglycemic again, indicating graft-dependent
normoglycemia.

In Vitro Porcine Islet Viability Decreased With
PDLLCL

To investigate if with porcine islets also differences occur
between PDLLCL and PCL, porcine islets were cultured on
the polymers and compared with islets cultured in control
conditions to determine the effect of the polymers on islet
viability (Figure 2). At day 1, no differences were observed
in viability between the control (94.3% = 2.1%), PDLLCL
(92.0% = 2.4%), and PCL (94.0+0.6%). The same applies
for day 3, the viability was, respectively, 96.8% = 0.8%,
86.3% = 6.5%, and 89.8% = 4.7%. However, after 7 d, islets
cultured on PDLLCL showed significantly reduced viability
compared with the control (P < 0.05). The viability of the
control and PCL islets was still 94.8% = 2.1% and 93.8% =
2.7%, whereas the viability of the PDLLCL islets decreased to
70.3% = 9.9%.

To determine if the viability reduction was associated with
an impaired function, a glucose-stimulated insulin secretion
test was performed on days 1, 3, and 7 of culture (Figure 3).
Neither of the 2 polymers significantly impaired insulin
release. In all 3 groups, the islets respond properly to changes
in glucose concentrations on days 1 and 3. However, on day
7, the function of all groups decreased.

Porcine Tissue Response

Next, the in vivo performance of the subcutaneous scaf-
folds was studied in pigs. This preclinical model resem-
bles the skin anatomy of humans.!>»'3 Macroscopically,
differences could be observed between the explanted
polymers. The PDLLCL device was reduced in size and
showed degradation signs (small fragments), while the
PCL maintained its size and shape during the 12wk of
implantation (Figure 4). By histology, we found fewer
CD3-positive cells and macrophages in both scaffolds.
However, a major difference was observed in the MPO-
positive cells, which represent granulocytes and neutro-
phils. Barely any MPO-positive cells were found in the
PCL scaffolds, whereas the PDLLCL contained a high
abundance of these cells (Figure 4). Furthermore, no dif-
ferences were observed in vascularization. PCR analy-
sis of several vascularization and tissue response genes
(Figure 5) showed no significant differences between the
devices.

Successful Pig Islet Transplantation in PCL Scaffold

Based on the reduced viability of pig islets when cultured
on PDLLCL and the degradation of PDLLCL after 12wk of
implantation, a transplantation study was conducted using the
PCL scaffold (Figure 6). To show proof of principle, 20 000
IEQ piglet islets were transplanted into the PCL scaffold after
12 wk of prevascularization of the device.

One month after islet transplantation into the scaffolds, a
local in vivo glucose tolerance test was performed by injecting
a glucose solution into the subcutaneous pocket (Figure 6C).



© 2022 The Author(s). Published by Wolters Kluwer Health, Inc. Smink et al 5

>

*
100

t @ .
H : == Kidney capsule (n=6)
75 r - PDLLCL (n=4)

_(?n............: +@ PCL(n=3)

50

254

Precent euglycemia

0 . T T T 1
0 10 20 30 40

Days post transplantation

700

600

500

—-e—- Kidney capsule
400 1

—e— PDLLCL

300 A

«e@- PCL

Blood glucose (mg/dl)

200 A

100 A

Posttransplantation (days)

FIGURE 1. Transplantation outcome of mouse study. Kaplan-Meier graph for rates of diabetes reversal (<150mg/dL) after transplantation
of 800 rat islets into prevascularized subcutaneous PDLLCL (n = 4) and PCL (n = 3) scaffolds in diabetic nude mice (A). Transplantation of the
same islet dosage under the kidney capsule was used as control (n = 6). Statistical analysis was carried out using a log-rank (Mantel-Cox) test
with multiple comparison correction (*<0.05 compared with the kidney capsule control). In addition, the long-term nonfasting blood glucose
levels of these mice are depicted (B). After 65 d, the islet grafts were removed to prove that the reduction in blood glucose levels was graft
dependent and not caused by pancreas regeneration. The mean and standard error of the mean are plotted. PCL, polycaprolactone; PDLLCL,
poly(D,L,-lactide-co-¢e-caprolactone).
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FIGURE 2. In vitro viability of porcine islets after culturing on PDLLCL and PCL. The viability of porcine islets was measured by calcein AM/
propidium iodide staining after 1 (A), 3 (B), and 7 (C) d of culture. Mean and standard error of mean are plotted (n = 4), statistical analysis
was carried out using a 1-way ANOVA with a Tukey posthoc test (*P < 0.05). ANOVA, analysis of variance; PCL, polycaprolactone; PDLLCL,
poly(D,L,-lactide-co-¢-caprolactone).
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tinction between insulin produced by the animal itself or by  tion within half an hour after adding the glucose solution,
the transplanted islets, the test was also done at a sham control ~ whereas this peak was not seen at the sham site, indicating in
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black bars represent the amount of insulin produced during high-glucose (28 mM) incubation, and the grey bars show the return to basal insulin
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carried out using a 2-way ANOVA (P < 0.05). ANOVA, analysis of variance; PCL, polycaprolactone; PDLLCL, poly(D,L,-lactide-co-e-caprolactone).

vivo responsiveness of the islets in the scaffold (Figure 6D).
After doing the in vivo function test, the whole scaffold was
explanted, and an in vitro function test was performed as well.
Figure 6D shows that after 1 mo in the scaffold, the pig islets
are still capable of responding to glucose challenges. Also, his-
tology showed insulin-positive cells present in the scaffolds
(Figure 6E). Together, this indicates that our transplantation
procedure supports islet functional survival.

There is a need for the replacement of deficient insulin-pro-
ducing cells to improve glycemic control and quality of life
in T1D. Besides finding a replenishable insulin-producing cell
source and avoiding the need for life-long immunosuppres-
sion,!” designing an accessible and replaceable transplantation
site is essential for the success of islet transplantation.'®!* In this
study, we focused on developing an artificial transplantation
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FIGURE 4. Histology of PDLLCL and PCL scaffolds after 12wk implantation in pigs. Sections were stained (pink) for CD3-positive cells,
macrophages, MPO, and CD31. MPO, myeloperoxidase; PCL, polycaprolactone; PDLLCL, poly(D,L,-lactide-co-g-caprolactone).

site using a subcutaneous polymer scaffold, where we directly
compare PCL and PDLLCL. We showed successful islet trans-
plantation in both subcutaneous PCL and PDLLCL scaffolds
in diabetic mice, but mice became normoglycemic faster when
using a PCL scaffold. Previously, we have shown normoglyce-
mia is not obtained when transplanting islets under unmodi-
fied skin,® illustrating that the prevascularized PCL scaffold
makes the skin a more hospitable site for islets.

To be able to apply this concept in a clinical setting, the
scaffold had to be enlarged and tested in a clinically relevant
and larger animal model. To this end, we selected a pig model
for these experiments. As islets are sensitive organoids and
have been shown to undergo functional impairment when
in contact with specific polymers,”** we first tested the cell
survival and functionality of porcine islets when cultured for

prolonged periods with the polymers. We found clear differ-
ences in cell survival in favor of PCL. Although this did not
translate into differences in glucose-induced insulin responses,
it is likely caused by compensation in insulin production rates
of the insulin-producing cells. Another reason to abandon
PDLLCL for further pig experiments was the finding that the
scaffold disintegrated and had increased infiltration of neu-
trophilic granulocytes. Our subsequent in vivo study was then
designed to show functional survival of islets in the PCL scaf-
fold by in vivo and in vitro function tests and histology.
Several studies have confirmed the versatility of PCL for
the development of a scaffold for beta cell replacement.
Subcutaneous implanted PCL devices are well vascular-
ized and associated with minor foreign body responses.?'-*
Furthermore, it supports islet functional survival??? and
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FIGURE 5. Relative gene expression of several vascular and tissue response genes. The mean and standard error of the mean are plotted (n = 4),
statistical analysis was carried out using the Kruskal-Wallis test with Dunn’s post hoc test (*P < 0.05). aSMA = alpha-smooth muscle actin; Col1at =
collagen 1 alpha 1; CSF1 = colony-stimulating factor 1; TGFb = transforming growth factor beta; VEGFa = vascular endothelial growth factor A.

seems valuable for directing the differentiation of less mature The transition from rodent models to large preclinical mod-
insulin-producing cells.?** In addition, the properties of PCL els is always challenging. In addition to upscaling the device,
allow relatively easy addition of amino acids, growth factors, it is essential to use a model that resembles the skin structure
or immunomodulatory components.?*-2 of humans. Here we used immunocompetent pigs and found
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FIGURE 6. The transplantation procedures. A large (polycaprolactone) PCL scaffold with 6 islet channels was developed using the salt leaching
technique (A), which was implanted subcutaneously. After 12wk of prevascularization, an incision was made next to the implanted scaffold to
remove the tubing from the islet channels, and islets were injected into the channels (B). One month after the islet transplantation, an in vivo
glucose tolerance test was performed by injecting glucose into a subcutaneous pocket around the scaffold and at a sham site (C) while the
animal was anesthetized. The mean insulin concentration (+ standard error of the mean) of the in vivo and in vitro glucose tolerance tests are
plotted (D; n = 2). Histology shows insulin-positive cells (pink) within the scaffold after 1 mo (E).

that the device had to fulfill additional requirements compared
with the mouse model. For example, the skin structure of pigs
is more rigid, which forced us to test different polymers. T1D
curative studies in pigs are difficult due to the need for immu-
nosuppression and issues with housing and care. Therefore, we
used a standard immunosuppression model using cyclosporine
to prevent allograft rejection and were able to show successful
islet survival in this model for a month. The devices were well
vascularized, and islets had normal morphology. Safety and
functional survival were shown in this study, and the next step
will be efficacy studies in diabetic pigs.

The major difference between our procedure and other
biomaterial-based approaches?®3 is the prevascularization
period. During this prevascularization time, the device is
implanted under the skin without the presence of islets, allow-
ing the material-induced inflammatory response to dampen
and providing the opportunity for blood vessels to invade.
This leads to improved nutrient delivery and less loss of islet
cells due to hypoxia and necrosis. Furthermore, it supports
the glycemic control of the grafted islets in the scaffold, as also
shown with a similar approach by Patikova et al.* A possible
disadvantage is the need for 2 separate surgical procedures.
However, these are simple procedures that might even be done
under local anesthesia. Our pig study shows fast recovery and
wound healing after implantation and transplantation. There
is always some degree of tissue response due to the surgery
and the placement of a “foreign” material. We observed minor
macroscopic fibrotic reaction to both types of scaffolds. This

tissue response is, however, required and is advantageous for
adequate vascularization of our type of scaffold.” The vascu-
larization period for our pig transplantation study was 12 wk,
which was based on the degree of vascularization observed
in a pilot study (data not shown). This vascularization period
might be shortened by the development of a scaffold-vas-
cularization strategy. This can be achieved, for example, by
the addition of extracellular matrix molecules,?**¢ vascular
growth factors,’”3 or vascular cells.**' Such an approach
may also lead to the possibility of increasing the islet load as
more vessels imply better nutritional supply after transplan-
tation and expedited graft revascularization. However, this
should be investigated in a T1D preclinical model before the
translation to the clinic can be made.

To conclude, PCL is suitable for engineering a readily
accessible and replaceable, subcutaneous transplantation site
for islets in pigs. It successfully supports both in vitro and
in vivo functional islet survival, indicating that this might be
a potential alternative site for the current clinical intrapor-
tal transplantations, and also providing an excellent site to
transplant insulin-producing cells derived from stem cells due
to the possibility to monitor and retrieve the cells in case of
complications.*?

ACKNOWLEDGMENTS

The authors thank Sarah Lee, David Whaley, Soomin
Park, Colleen Luong (Department of Surgery, University



10

Transplantation DIRECT m 2023

of California, Irvine), Ines Pronk, and Shanti Parwati Kok
(Medicial Biology, University Medical Center Groningen) for
their technical assistance and support during this study.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17

18.

19.

20.

21.

Foster NC, Beck RW, Miller KM, et al. State of type 1 diabetes man-
agement and outcomes from the T1D exchange in 2016-2018.
Diabetes Technol Ther. 2019;21:66-72.

. Boucher AA, Wastvedt S, Hodges JS, et al. Portal vein thrombosis

may be more strongly associated with islet infusion than extreme
thrombocytosis after total pancreatectomy with islet autotransplanta-
tion. Transplantation. 2021.

. Naziruddin B, Iwahashi S, Kanak MA, et al. Evidence for instant blood-

mediated inflammatory reaction in clinical autologous islet transplanta-
tion. Am J Transplant. 2014;14:428-437.

. Keslar KS, Lin M, Zmijewska AA, et al. Multicenter evaluation of a

standardized protocol for noninvasive gene expression profiling. Am J
Transplant. 2013;13:1891-1897.

. Marfil-Garza BA, Imes S, Verhoeff K, et al. Pancreatic islet transplanta-

tion in type 1 diabetes: 20-year experience from a single-centre cohort
in Canada. Lancet Diabetes Endocrinol. 2022;10:519-532.

. Schiesser JV, Micallef SJ, Hawes S, et al. Derivation of insulin-pro-

ducing beta-cells from human pluripotent stem cells. Rev Diabet Stud.
2014;11:6-18.

.Smink AM, Hertsig DT, Schwab L, et al. A retrievable, efficacious

polymeric scaffold for subcutaneous transplantation of rat pancreatic
islets. Ann Surg. 2017;266:149-157.

. Smink AM, Li S, Hertsig DT, et al. The efficacy of a prevascularized,

retrievable poly(D,L,-lactide-co-epsilon-caprolactone) subcutaneous
scaffold as transplantation site for pancreatic islets. Transplantation.
2017;101:e112—e119.

. Pepper AR, Gala-Lopez B, Pawlick R, et al. A prevascularized sub-

cutaneous device-less site for islet and cellular transplantation. Nat
Biotechnol. 2015;33:518-523.

Kim DH, Yun WS, Shim JH, et al. Clinical application of 3-dimen-
sional printing technology for patients with nasal septal deformi-
ties: a multicenter study. JAMA Otolaryngol Head Neck Surg.
2018;144:1145-1152.

Dwivedi R, Kumar S, Pandey R, et al. Polycaprolactone as biomate-
rial for bone scaffolds: review of literature. J Oral Biol Craniofac Res.
2020;10:381-388.

Summerfield A, Meurens F, Ricklin ME. The immunology of the por-
cine skin and its value as a model for human skin. Mol Immunol.
2015;66:14-21.

WeiJCJ, Edwards GA, Martin DJ, et al. Allometric scaling of skin thickness,
elasticity, viscoelasticity to mass for micro-medical device translation:
from mice, rats, rabbits, pigs to humans. Sci Rep. 2017;7:15885-15017.
Lamb M, Laugenour K, Liang O, et al. In vitro maturation of viable
islets from partially digested young pig pancreas. Cell Transplant.
2014;23:263-272.

Lau H, Corrales N, Rodriguez S, et al. An islet maturation media to
improve the development of young porcine islets during in vitro cul-
ture. Islets. 2020;12:41-58.

Kin T, Korbutt GS, Kobayashi T, et al. Reversal of diabetes in pan-
createctomized pigs after transplantation of neonatal porcine islets.
Diabetes. 2005;54:1032-1039.

. Villa C, Manzoli V, Abreu MM, et al. Effects of composition of alginate-

polyethylene glycol microcapsules and transplant site on encapsulated
islet graft outcomes in mice. Transplantation. 2017;101:1025-1035.
Brusko TM, Russ HA, Stabler CL. Strategies for durable 3 cell replace-
ment in type 1 diabetes. Science. 2021;373:516-522.

Kumano K, Vasu S, Liu Y, et al. Grafting islets to a dissected peritoneal
pouch to improve transplant survival and function. Transplantation.
2020;104:2307-2316.

Smink AM, de Haan BJ, Paredes-Juarez GA, et al. Selection of poly-
mers for application in scaffolds applicable for human pancreatic islet
transplantation. Biomed Mater. 2016;11:035006.

Mridha AR, Dargaville TR, Dalton PD, et al. Prevascularized retrievable
hybrid implant to enhance function of subcutaneous encapsulated
islets. Tissue Eng Part A. 2022;28:212-224.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

www.transplantationdirect.com

Abraham S, Kuppan P, Raj S, et al. Developing hybrid polymer scaf-
folds using peptide modified biopolymers for cell implantation. ACS
Biomater Sci Eng. 2017;3:2215-2222.

Nyitray CE, Chang R, Faleo G, et al. Polycaprolactone thin-film
micro- and nanoporous cell-encapsulation devices. ACS Nano.
2015;9:5675-5682.

Salg GA, Poisel E, Neulinger-Munoz M, et al. Toward 3D-bioprinting
of an endocrine pancreas: a building-block concept for bioartificial
insulin-secreting tissue. J Tissue Eng. 2022;13:20417314221091033.
Shim IK, Lee SJ, Lee YN, et al. Enhanced differentiation capacity and
transplantation efficacy of insulin-producing cell clusters from human
iPSCs using permeable nanofibrous microwell-arrayed membrane for
diabetes treatment. Pharmaceutics. 2022;14:400.

Bowers DT, Olingy CE, Chhabra P, et al. An engineered macroen-
capsulation membrane releasing FTY720 to precondition pancre-
atic islet transplantation. J Biomed Mater Res B Appl Biomater.
2018;106:555-568.

Marchioli G, Luca AD, de Koning E, et al. Hybrid polycaprolactone/
alginate scaffolds functionalized with VEGF to promote de novo vessel
formation for the transplantation of islets of langerhans. Adv Healthc
Mater. 2016;5:1606-1616.

Chendke GS, Faleo G, Juang C, et al. Supporting survival of trans-
planted stem-cell-derived insulin-producing cells in an encapsula-
tion device augmented with controlled release of amino acids. Adv
Biosyst. 2019;3:1900086.

Pedraza E, Brady AC, Fraker CA, et al. Macroporous three dimen-
sional PDMS scaffolds for extrahepatic islet transplantation. Cell
Transplant. 2013;22:1123-1135.

Barkai U, Weir GC, Colton CK, et al. Enhanced oxygen supply
improves islet viability in a new bioartificial pancreas. Cell Transplant.
20183;22:1463-1476.

Agulnick AD, Ambruzs DM, Moorman MA, et al. Insulin-producing
endocrine cells differentiated in vitro from human embryonic stem
cells function in macroencapsulation devices in vivo. Stem Cells Trans/
Med. 2015;4:1214-1222.

Ludwig B, Ludwig S, Steffen A, et al. Favorable outcome of experi-
mental islet xenotransplantation without immunosuppression in
a nonhuman primate model of diabetes. Proc Natl Acad Sci USA.
2017;114:11745-11750.

Blomeier H, Zhang X, Rives C, et al. Polymer scaffolds as syn-
thetic microenvironments for extrahepatic islet transplantation.
Transplantation. 2006;82:452-459.

Patikova A, Vojtiskova A, Fabryova E, et al. The optimal maturation of
subcutaneous pouch can improve pancreatic islets engraftment in rat
model. Transplantation. 2022;106:531-542.

Wang X, Wang K, Zhang W, et al. A bilaminated decellularized scaffold
for islet transplantation: structure, properties and functions in diabetic
mice. Biomaterials. 2017;138:80-90.

Hiscox AM, Stone AL, Limesand S, et al. An islet-stabilizing implant
constructed using a preformed vasculature. Tissue Eng Part A.
2008;14:433-440.

Weaver JD, Headen DM, Aquart J, et al. Vasculogenic hydrogel
enhances islet survival, engraftment, and function in leading extrahe-
patic sites. Sci Adv. 2017;3:e1700184.

Najjar M, Manzoli V, Abreu M, et al. Fibrin gels engineered with
pro-angiogenic growth factors promote engraftment of pan-
creatic islets in extrahepatic sites in mice. Biotechnol Bioeng.
2015;112:1916-1926.

Kim JS, Jung Y, Kim SH, et al. Vascularization of PLGA-based bio-
artificial beds by hypoxia-preconditioned mesenchymal stem cells for
subcutaneous xenogeneic islet transplantation. Xenotransplantation.
2019;26:e12441.

Vlahos AE, Cober N, Sefton MV. Modular tissue engineering for the
vascularization of subcutaneously transplanted pancreatic islets. Proc
Natl Acad Sci USA. 2017;114:9337-9342.

Takaichi S, Tomimaru Y, Akagi T, et al. Three-dimensional vascularized
p-cell spheroid tissue derived from human induced pluripotent stem
cells for subcutaneous islet transplantation in a mouse model of type
1 diabetes. Transplantation. 2022;106:48-59.

Schuetz C, Anazawa T, Cross SE, et al; IPITA YIC Young Investigator
Committee. [ cell replacement therapy: the next 10 vyears.
Transplantation. 2018;102:215-229.



