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Abstract

Macroencapsulation is a powerful approach to increase the efficiency of extrahepatic pancreatic
islet transplant. FTY720, a small molecule that activates signaling through sphingosine-1-
phosphate receptors, is immunomodulatory and pro-angiogenic upon sustained delivery from
biomaterials. While FTY720 (fingolimod, Gilenya) has been explored for organ transplantation, in
the present work the effect of locally released FTY720 from novel nanofiber-based
macroencapsulation membranes is explored for islet transplantation. We screened islet viability
during culture with FTY720 and various biodegradable polymers. Islet viability is significantly
reduced by the addition of high doses (=500 ng/mL) of soluble FTY720. Among the polymers
screened, islets have the highest viability when cultured with poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV). Therefore, PHBV was blended with polycaprolactone (PCL) for
mechanical stability and electrospun into nanofibers. Islets had no detectable function ex vivo
following 5 days or 12 h of subcutaneous implantation within our engineered device.
Subsequently, we explored a preconditioning scheme in which islets are transplanted 2 weeks after
FTY720-loaded nanofibers are implanted. This allows FTY720 to orchestrate a local regenerative
milieu while preventing premature transplantation into avascular sites that contain high
concentrations of FTY720. These results provide a foundation and motivation for further
investigation into the use of FTY720 in preconditioning sites for efficacious islet transplantation.
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INTRODUCTION

Currently available treatments for insulin-dependent diabetes including insulin injection,
finger stick glucose monitoring, insulin infusion by pump and continuous glucose
monitoring are not able to achieve the level of control of a properly functioning pancreatic
islet. The closed-loop artificial pancreas is on the brink of improving glucose control while
also reducing the burden of self-care for diabetes patients; however, a long term curative
treatment for diabetes is still under development. Pancreas transplantation, one curative
treatment, is a complicated procedure associated with high morbidity and long recovery.
Islet transplantation, which does not require open abdominal surgery, has the potential to
treat the approximately 6 million Americans who currently use insulin, including those with
type 1 and insulin-dependent type 2 diabetes (according to the American Diabetes
Association). Pancreatic islet transplantation has recently reached an important multi-center
phase 3 trial completion with 87.5% of subjects meeting the primary endpoint. Despite
these results, factors including the host immune response (auto- and allo- or xeno-
immunity), lack of access to host vasculature for nutrient delivery, and the scarcity of quality
donor tissue prevent widespread access to this procedure. Instant blood-mediated
inflammatory reaction and the inability to completely remove the transplanted cells, a
concern particularly for engineered cell sources, are among the concerns with the clinically-
practiced intraportal technique.? Alternate sites outside the portal circulation avoid these
possible complications and can accommodate larger tissue volumes than are permissible in
the liver.3 Various sites have been explored including intraperitoneal, intramuscular, and
subcutaneous locations, as well as immunopriveledged sites such as the eyes, testis, and
bone marrow, with the omentum being recently postulated as a superior site compared to the
portal circulation due to increased islet revascularization.* None of these sites, however,
achieve an adequate survival rate given the low numbers of pancreatic islets available for
transplantation.®

Immunoisolation membranes and materials are designed to protect enclosed cells from the
host immune system by providing a physical barrier and are a major component of
encapsulation systems. Selectively permeable membranes are designed to permit the passage
of nutrients, waste, and small proteins while preventing the passage of immune cells and
immunoglobulin. Investigated membranes include hydrogels (predominately alginate®7) and
synthetic polymers such as polytetrafluoroethylene® and polycaprolactone.? Common sites
for macroencapsulated and scaffold-supported islets include intraperitoneal/omentum10.11
and subcutaneous spaces.12 Encapsulation-based transplantation has not yet performed well
enough to warrant replacing the intraportal technique for clinical allogenic islet transplant,
but is under clinical investigation with stem cell-derived transplants.13-16
Macroencapsulation is of particular interest when transplanting engineered or alternate
source cells since a macro-device can be completely removed should an adverse immune
reaction occur or a teratoma form.1” With these findings in mind, this study seeks to improve
transplanted islet survival using a drug-loaded membrane.

Incorporation of synthetic or endogenously-occurring molecules can direct desired
biological responses to foreign materials, which has been demonstrated in the context of
tissue engineered devices for islet transplantation.18 Tissue engineered devices have been
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loaded with factors designed to activate signaling networks'? involved in regenerative
processes including vascular endothelial growth factor (VEGF),20 platelet-derived growth
factor (PDGF),2122 transforming growth factor-beta 1 (TGF-B1),2% and sphingosine-1-
phosphate.24 Sphingosine-1-phosphate (S1P) is a pleiotropic autocrine and paracrine
signaling lipid that regulates the behavior of endothelial cells,228 smooth muscle cells,27:28
stem cells, 2% and immune cells39-32 through its activity at five G-protein-coupled cell
surface receptors (S1P1-S1P5). The small molecule FTY720 displays a longer half-life in
vivothan S1P and mimics the activity of S1P by activating signaling through S1P1, S1P3,
S1P4 and S1P5. FTY720 has been investigated as an alternative to the classic
immunosuppressive drugs, owing in part to its ability to sequester lymphocytes in secondary
lymphoid tissues when administered systemically.

Local delivery of FTY720 from biodegradable polymer scaffold films stimulates increases in
local functional vascular length density, arteriolar diameter, and vascular branching by
recruiting non-classical anti-inflammatory monocytes.33:34 Furthermore, we have previously
shown that locally released FTY720 from PLGA-PCL nanofibers significantly increases
revascularization during mandibular bone defect healing compared to unloaded controls.3®
The present manuscript investigates local release of FTY720 for the specific application of
islet transplantation. Electrospun nanofibers can be used to limit cellular migration into the
bulk material to approximately 2-3 cell lengths or scaffold layers, which is normally
considered a disadvantage for scaffold performance.36-41 As an encapsulation membrane
however, electrospun nanofibers may provide a barrier to inflammatory cell infiltration.
Leveraging the immunomodulatory and pro-angiogenic properties of FTY720, we develop a
new encapsulation membrane for islet transplantation in locations outside the portal
circulation.

MATERIALS AND METHODS

Preparation and characterization of nanofibers

Nanofibers were electrospun from polymer solutions of polyhydroxybutyrate (PHB), poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV, PHB 95/PHV 5; Carbomer, part # 80181—
31-3, lot# 11-SD658), poly(lactic-co-glycolic acid) (PLGA, 50:50 LA:GA, Lakeshore
Biomaterials, Birmingham, AL, USA), and polycaprolactone (PCL; Sigma, USA) with or
without FTY720 (Cayman Chemical, Ann Arbor, Michigan). Electrospinning parameters are
presented in Table I. For each polymer solution, a given driving voltage was applied to an
18G blunt-tipped needle while a syringe pump (World Precision Instruments, Sarasota, FL,
USA) drove the polymer solution from a syringe at the given flow rate. All samples were
collected on aluminum foil at the indicated distance from the tip and dried at room
temperature before use. Fibers prepared for transplantation were collected with intermittent
application of salt to increase the porosity of the fibers by dissolving the salt particles before
use.

Characterization of nanofibers

Nanofiber diameter and morphology were measured from images gathered on a JEOL 6400
scanning electron microscope (SEM) with Orion image processing. Samples were coated
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with gold and then imaged at a working distance of 39-43 mm and an accelerating voltage
of 15 kV. Diameter was assessed using ImageJ (NIH, USA, imagej.nih.gov).

To characterize nanofiber strength, three samples from each nanofiber type were subjected to
tensile strength testing using an Instron materials testing instrument (Instron Model 5543,;
Instron Worldwide Headquarters, Norwood, MA). The BlueHill2 Program Software (version
2.14) was used to obtain force-displacement graphs for each sample. Dimensions of each
sample (length, width, thickness) were measured prior to testing. The force-displacement
curve data was used to calculate engineering stress and strain. Stress (MPa) was calculated
by dividing load (N) by cross-sectional area (width x thickness; mm?). Strain was calculated
by evaluating the percent extension, or extension (mm) divided by length (mm). Ultimate
Tensile Strength (UTS) was determined as the highest point on the stress-strain curve.
Young’s Modulus (E) was determined by regression fitting the linear region on the stress-
strain curve and evaluating the slope. Values for E and UTS were averaged across samples
for each condition.

Hydrophobicity of each nanofiber condition was quantified through contact angle
measurements. A drop of the indicated liquid was placed on top of the nanofibers for each
condition. A goniometer (Rame-Hart Standard Contact Angle Goniometer, Model 200;
Rame-Hart Instrument Co., Succasunna, NJ) and DROPimage Standard software were used
to measure the contact angle between the fiber and the liquid.

Islet isolation

Murine pancreatic islets were isolated from C57BL/6J mice (Jackson Laboratories, Bar
Harbor, ME), or a donor expressing GFP in all cells including the pancreatic islets, as
previously described.42 Briefly, after confirmation of euthanasia, the common bile duct was
occluded using suture and was cannulated with a 30G needle for injection of 2-3 mL of 1.4
mg/mL collagenase P (Roche) dissolved in Hank’s Balanced Salt Solution (HBSS, Thermo
Scientific) supplemented with 10 mg/L heat treated bovine serum albumin and 0.35 g/L
sodium bicarbonate (supplemented HBSS). Incubation in a 37°C water bath was followed by
vigorous shaking by hand to disrupt tissue structure. Two washes in supplemented HBSS
were followed by filtering through a steel mesh and density separation with Histopaque 1077
(Sigma). Two more washes and a wash in fully supplemented culture media (RPMI11640
+10% FBS, 2% Penicillin/Streptomycin + 2.5% HEPES) completed the isolation. The islets
were cultured in fully supplemented media at 37°C and 5% CO,, until use (~24 h).

Human islets were isolated using a modified Ricordi method, according to the University of
Virginia Center for Cellular Therapy and Biologic Therapeutics Standard Operating
Procedures. Briefly, the pancreas was digested with a collagenase based enzyme solution
(GMP grade, Roche), purified on a density gradient and washed before being cultured in
Miami media 1A (Mediatech) supplemented with 0.5% human serum albumin. Islets were
cultured at 37°C and 5% CO» until use (~48 h).

FTY720 dose response

FTY720 was solvated in 100% ethanol to a concentration of 2 mg/mL. A stock solution was
made by mixing with diH,0 in a 1:1 volume ratio. The islets were incubated for 18 h at
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37°C. The FTY720-laden media was removed with the first wash as described for GSIS
below. Following the GSIS procedure the islets were stained for viability with propidium
iodide (PI). A 5X image for each well was used to quantify the fluorescence intensity in
ImageJ. The mean fluorescence intensity was calculated for each well and then averaged for
all groups.

Glucose stimulated insulin secretion (GSIS) and viability staining

Islets that had been exposed to FTY 720 or polymer used to fabricate the nanofiber
membranes were washed once with low glucose (2.8 mM) Krebs Ringer’s Buffer (KRB) to
remove the culture media and placed in the incubator for an hour. Two more washes in low
glucose KRB were then performed to start the 2-h incubation at 37°C in low glucose.
Samples were then collected, immediately placed on ice and then stored in the freezer. The
islets were washed in low glucose twice followed by addition of high glucose (28 mM) for
the next 2-h incubation. Again samples were taken and frozen until analysis. Low glucose
KRB was added to prepare for viability staining. For the ex vivo pocket challenge
experiment, single pockets loaded with islets were implanted in mice for 12 h or 5 days. The
implants were removed intact from the animal and challenged in vitro.

Pl alone was added to the islets for the FTY720 dose response experiment or in conjunction
with fluorescein diacetate (FDA) for the polymer incubation experiments. Imaging was
conducted with UV excitation and a red and green fluorescent filter on an inverted Zeiss
microscope with a Zeiss Axiocam color camera. Image analysis for the polymer assays was
by visual inspection to estimate percentage viability of individual islets, while the FTY720
dose response was based on the PI fluorescence intensity.

ECM dimensional stability

Acellular porcine dermis (ENDURAGen®) and acellular human cadaveric dermis
(AlloDerm®) were cut into 1 cm x 1 ¢cm squares and kept at the supplied thickness of
approximately 1 mm. Following implantation in distinct subcutaneous pockets in a Sprague-
Dawley rat for 4, 8, and 12 weeks, implants were harvested and fixed in 4%
paraformaldehyde for 48 h and subsequently kept in 70% ethanol. Extraneous tissue was
removed under a stereomicroscope. The longest two axes were measured in images and the
aspect ratio was calculated. Therefore, a value near to 1 indicated a square shape, while
values further from one indicated a rectangular shape.

Macroencapsulation device construction

Device fabrication was completed in a laminar flow hood to maintain aseptic implants. A
rectangular mat of fibers (2 cm wide) was soaked in 70% ethanol and peeled from the
aluminum foil collector. The piece was folded over to form a 1- cm wide two-layer mat.
Once dry, these folded fibers were heat-sealed at 1-cm intervals using the edge of a metallic
plate heated in an oven (125°C) or on a hot plate. After cutting at the midpoint of the heat-
seals, pockets were formed (~1 cm?); each pocket having one folded side, two heat-sealed
sides, and one open side (opposite the folded side) (Supporting Information Figure S1).
Pockets were incubated in a FTY720-saturated PBS solution for 18-24 h at 4°C to dissolve
away the salt particles used in the salt interspersed nanofibers.
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Induction of chemical diabetes and blood glucose monitoring

Diabetes was induced in immune competent male and female C57BL/6 or S1P3 knockout
mice (C57BL/6 background) using a single intraperitoneal injection of streptozotocin (STZ)
dissolved in citrate buffer (pH ~4-5). Function of the implanted islets was monitored by
daily glucose readings following transplant. Blood was drawn by tail clip and measured on
an Accu-Chek Advantage handheld blood glucose meter (Roche, IN).

Islet implant loading and transplant

Histology

After islets were cultured overnight, they were handpicked to increase purity and counted. A
“U shaped” piece of Enduragen® decellularized dermis was inserted into the pocket with the
“open end” of the insert pointed toward the open end of the pocket. For /in vitro studies,
islets were loaded into the pocket by drawing them into a 200 mL pipet, allowing them to
settle to the bottom by gravity and then dispensing them by adjusting the volume specified
on the pipet to advance the volume incrementally. The final side was closed via heat sealing,
this time using a heated pair of smooth surface hemostats. This same islet loading procedure
was followed for subsequent simultaneous islet-implant procedures.

For preconditioning /n vivo studies, the pocket was constructed with the “U-shaped” insert
and the final end was sealed using the heated hemostats. During the first procedure the
animal was anesthetized with isoflurane gas (2-3%) and the surgical plane was maintained
throughout the procedure with a nose cone (1-2%) equipped with a scavenging apparatus.
The hair was removed and the surgical site was washed with iodine and ethanol. An incision
through the skin and then through the peritoneal wall was made on the left flank where
access to the left kidney can be made. The pocket was inserted into the peritoneal space and
a single suture was run though a sealed edge of the pocket to attach it to the inside of the
peritoneal wall. Therefore, it contacted the peritoneum on one side and internal organs on
the other, usually consisting of a combination of the kidney, spleen, and pancreas. The
animal was then sutured using separate sutures for the peritoneal wall and the skin closure.
For the second procedure a new incision was made near the previous one to gain access and
a clear view of the implant procedure. The pocket was pierced by a needle or 200 UL pipet
tip, loaded with the islets by injection and the animal was sutured again. C57BL/6 islets
from healthy retired breeders were transplanted into C57BL/6 recipients unless otherwise
noted.

All procedures were conducted under an approved Animal Care and Use Committee
Protocol at the University of Virginia. Guidelines in the NIH Guide for the Care and Use of
Laboratory Animals (NIH Publication, National Academies Press) have been observed.

Explanted tissue was fixed in buffered formalin for 24 h at room temperature and
subsequently kept in 70% ethanol at 4°C before being embedded in paraffin. Tissue
specimens were embedded at the University of Virginia Research Histology Core. Sections
of the paraffin blocks were cut at 5-micron thickness. Hematoxylin and Eosin (H&E) stain
was also completed at the Research Histology Core.
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Animals were placed supine on a heated stage and sedation was maintained with an
isoflurane nose cone. Imaging sessions did not last longer than 30 minutes for a given
mouse. A Vevo 2100 (VisualSonics, Toronto, Canada) operating at a frequency of
approximately 30 MHz was used. Ultrasound gel was placed between the animal’s skin and
the probe surface. The probe was mounted while the animal/platform could then be
translated under the probe to obtain the images shown.

A two-tailed Student’s #test with equal variance or an ANOVA with Tukey’s post-test for
multiple comparisons was applied as appropriate in Graphpad Prism (Version 6, CA, USA),
with a pvalue <0.05 considered significant.

FTY720-loaded polymer fibers for islet transplantation

Islets near a scaffold releasing FTY720 would experience a high, acute dose of FTY720, as
polymer nanofibers promote a burst release profile.3> Consequently, we investigated islet
function in response to soluble FTY720. Increasing concentrations of FTY720 in the culture
media were tested from 10 to 1000 ng/mL. Soluble FTY720 concentrations of 500 ng/mL
and above significantly reduce murine islet viability [Figure 1(A,B)], while doses of 100
ng/mL and above appear to compromise islet function [stimulation index <2, Figure 1(C)].
The addition of the vehicle control (ethanol) does not have an effect on either metric (Figure
S2). These results suggest that high FTY720 concentrations may reduce transplanted islet
survival and should be avoided in strategies attempting to leverage angiogenic and
immunoregulatory effects of FTY720.

The polymer used in a macroencapsulation membrane will have intimate contact with the
isolated islets housed inside. PLGA fibers can be handled better for experiments (greater
flexibility and resistance to cracking) when blended with PCL in a 1:1 weight ratio. PLGA
and PCL fibers reduce human islet viability [Figure 1(D)]. Islet viability is reduced further
by the addition of FTY720 to the PLGA and PCL blend fibers, which agrees with the /n
vitro studies employing soluble FTY720. PHBYV, like PLGA, has an adjustable degradation
rate based on the ratio of polymerized monomers. In contrast to PLGA, fibers made of
PHBV do not reduce human islet viability compared to the media only controls [Figure
1(D)]. PCL-only fibers also do not reduce the viability of co-cultured human islets,
supporting the hypothesis that PLGA is responsible for the observed reduction in viability,
even when blended with PCL. We chose to blend two of the most islet compatible polymers,
PHBV and PCL (PHBV-PCL), for further studies. The combination of PHBV and PCL has
been shown to support cellular viability, proliferation and behavior to a similar degree as
PHBV or PCL alone.#344 PHBV demonstrated more batch-to-batch variability in terms of
fiber morphology. A fiber mat composed of PHBV-PCL was more easily heat sealed due to
the higher thermal stability of PCL.%> PHBV-PCL was also more easily handled in the
processes of loading islets and surgical implantation without tearing due to increased
ductility of a blend containing PCL.46 Since PHBV is a dual component polymer, the ratio
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of PHBV monomers can be varied in further development of this membrane to tune the
degradation characteristics.*

Morphological comparison of PHBV-PCL fibers with and without FTY720 by scanning
electron microscopy reveals little effect from the addition of FTY720 [Figure 2(A)]. The
diameter was not significantly affected by the addition of FTY720 (516 + 236 and 451 + 211
nm for PHBV/PCL and PHBV/PCL + FTY720, respectively). An increasing trend in both
the Young’s Modulus and Ultimate tensile strength when the fibers contained FTY720 was
observed [Figure 2(B,C)]. Young’s moduli of this order of magnitude are similar to organs
and soft tissues,*8 suggesting mechanical compatibility once implanted. The contact angle of
both water and glycerin were decreased by the addition of FTY 720 to the fibers (Table 11),
suggesting that some of the loaded FTY720 locates to the surface of the fibers, where the
hydrophobic tail becomes buried in the polymer chains and the hydrophilic head changes the
surface chemistry. Thus, PHBV-PCL fibers demonstrated the mechanical and physical
properties that would suggest they are compatible with islet delivery.

FTY720 is a known agonist of S1P1 and S1P3. Considering the role of S1P3 in recruitment
of anti-inflammatory macrophages,3* the expression of S1P1-S1P4 on mouse pancreatic
islets, 9 the involvement of sphingosine kinase in responding to high-glucose stress,%0 and
the protective effect of S1P2 in the development of STZ diabetes,>! we investigated whether
S1P3 is involved in the development of STZ diabetes. We monitored progression to diabetes
in the chemical model comparing wild-type C57BL/6 and S1P3—/- mice. Loss of S1P3
expedites the progression to diabetes in both male and female mice following injection of
STZ (Figure 3), indicating that signaling through S1P3 helps protect against diabetes.
Conversely, this suggests that increases in S1P3 signaling through FTY720-mediated
pharmacological activation may further protect islet function.

Design of a nanofiber pocket for islet transplantation

Islets have a three-dimensional spheroidal shape that an engineered encapsulating device
should support. We developed a design where nanofibers surround a protected space formed
by another material that enables maintenance of islet three-dimensional structure [Figure
4(A)]. Heat sealing was used as an industrially applicable method to form the nanofiber
pocket closures to produce a continuous membrane [Figure 4(B)]. A material that could
prevent the fibers and surrounding tissue from collapsing on the enclosed islets became
necessary after islets were pressed into the fibers during initial attempts, resulting in a loss of
the intra-islet cell-cell contacts. The aspect ratio of two clinically available decellularized
ECM products were compared following subcutaneous implantation in rats. The porcine
decellularized dermis (Enduragen®) is dimensionally stable over the course of 12 weeks,
while human decellularized dermis (Alloderm®) contracts anisotropically by 12 weeks
[Figure 4(C,D)]. Therefore, the porcine decellularized dermis was selected for use as the
interior support. It was cut into a “U shape” where the long “arms” of this insert are on
either side of the islets [Figure 4(A)]. This creates a space in the center of the device,
accessible from the open side of the “U”, where islets can be housed without mechanical
stress. Short-term islet function was assayed to validate the device design.
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Islets from a green fluorescent protein (GFP)-expressing murine donor were encapsulated
between two layers of nanofibers (no decellularized support) and imaged up to 48 h. The
endogenous fluorescence from the GFP decreased over time, suggesting that the islets
disaggregated and became less viable when only nanofibers are used without the porcine
decellularized dermis structural support [Figure 4(E)]. Islets transplanted in the same
procedure as the pocket, termed simultaneous, removed after 12 h or 5 days and challenged
with glucose /7n vitro, displayed little function [Figure 4(F)]. Islets placed within the pocket
and cultured /n vitro also displayed a loss of stimulated insulin secretion, indicating that the
pocket itself may be impairing islet viability /n vitro [Figure 4(G)]. Furthermore, islets
cultured outside the pocket, but in the same well as the pocket nanofibers (co-culture)
[Figure 4(G)], display a reduced responsiveness to glucose, suggesting that buildup of
degradation products in a static culture media can impact islet viability. Therefore, poor /n
vitro results may be partly related to inefficient waste and polymer degradation product
removal in static culture and future experiments may require perfusion culture or a gel to
prevent immediate contact with the bare fibers. Together these data indicate that the
environment inside the device is not hospitable to islets /n vitro or with a simultaneous
transplantation scheme.

Preconditioned nanofiber pocket for islet transplant

In order to take advantage of the pro-angiogenic effects of locally-released FTY720, and to
avoid the detrimental effects of high dose soluble FTY720, a preconditioning method was
employed. In this model, the pocket was implanted without any islets followed by a
preconditioning period lasting weeks to months. A second procedure where islets are
transplanted into the preconditioned nanofiber pocket can then be performed to treat the
hyperglycemia. When implanted subcutaneously, the void within the pocket is maintained
for at least 3 months (longest time point observed in this study), as visualized under
ultrasound [Figure 5(A)] and histologic staining [Figure 5(B)]. In agreement with our
previous findings using PLGA fibers in moderately diabetic animals,>2 examination of the
vasculature in the peritoneal wall of a subcutaneously-placed fiber mat shows an increase in
adjacent tissue vasculature when the nanofibers are loaded with FTY720 compared to the
unloaded control [Figure 5(C)]. Additionally, a pocket placed in the peritoneal space has a
layer of vascularized tissue attached at the experiment conclusion [Figure 5(D)]. Although
the fibers are porous, we have found no indication that blood vessels will penetrate the
membrane by examining histological sections stained for H&E [Figure 5(E)].

A preconditioning scheme is more practical to implement if islet transplantation can be
performed in an outpatient procedure. A 28G needle imaged at the void space provides proof
of concept for a minimally invasive ultrasound guided transplant procedure [Figure 6(A)].
Preliminary syngeneic islet transplants were conducted with and without the preconditioning
scheme [Figure 6(B)]. Islets implanted into the peritoneal space of STZ diabetic mice show
that only the preconditioning scheme results in a return to normoglycemia, similar to islets
implanted under the kidney capsule or intraperitoneally without macroencapsulation [Figure
6(C,D)]. Removal of the pockets is followed by a return to hyperglycemia at the end of the
study period, suggesting that islets within the pocket are responsible for the corrected blood
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glucose. Therefore, a preconditioned space created by the FTY720 releasing nanofiber
pocket may be effective as an extrahepatic islet transplant site.

DISCUSSION

Overcoming the acute inflammatory phase around implanted devices remains a challenge for
implant success in tissue engineering. Anti-inflammatory drugs have been investigated for
their ability to suppress adverse inflammatory reactions to biomaterials and transplanted
tissues.>3-56 FTY720 is an FDA-approved drug used for clinical treatment of multiple
sclerosis under the trade name Gilenya. Additionally, FTY720 has been investigated as an
alternative to the immunosuppressive drugs used in whole organ transplantation, but did not
receive FDA clearance for this application. The studies described in this manuscript explore
the use of FTY720 to improve macroencapsulation membranes in the context of islet
transplant. Using FTY720 to aid islet transplantation has been proposed elsewhere.>” These
studies extend this idea to a new macroencapsulation membrane with locally released
FTY720 and suggest that careful investigation is required to properly harness S1P signaling
for biomaterial-aided islet transplantation.

The pro-angiogenic and immunomodulatory effects of local FTY720 delivery make it an
attractive strategy to create an oxygenated and tolerated environment for islet
transplantation. Others have found FTY720 to have little detrimental effect on islets. No
significant effect on stimulation index was found when islets were treated with 10 and 1000
ng/mL FTY720 at 22°C and 5%CO, for a 48 h treatment.>8 This group also found a
significant reduction in apoptosis with a 10 ng/mL dose /n vitro and no significant effect on
transplanted human islet function when mice were administered 1 mg/kg/day FTY720 by
oral gavage.®® Similarly, murine stimulation indices were slightly increased by incubation
with both 10 nM/(3.439 ng/mL) and 1 pM (343.9 ng/mL) FTY720 concentrations when
incubated at 37°C in glass tubes (SI: 3.03, 4.11 and 4 for 0, 10 and 1000 nA/FTY720
respectively, calculated from Ref. 59). Differences in islet type, media, drug treatment, and
protocol may contribute to the differences observed in our work and previous studies, and
indicate that further investigation may be needed.>8° Based on our finding of decreased
murine islet health with increasing FTY720 concentration (Figure 1), we chose a
preconditioning approach that would allow the local concentration of FTY720 to be reduced
before islets are infused.

FTY720 is released as the polymer swells and degrades, which likely creates a high
concentration of FTY720 immediately surrounding the scaffold. When two sheets of
nanofibers were placed subcutaneously on opposite sides of a mouse, there was a reduced
inflammatory macrophage content around the FTY720-releasing fibers as compared to the
unloaded ones in each mouse.2° Inflammatory cytokines were also reduced by local release
of FTY720 from polymers in subcutaneous tissue.3*3560 These data suggest that both the
proangiogenic and immunomodulatory effects of S1P signaling are truly localized to the
surrounding tissue. Preconditioning with FTY720 treatment has proven effective in models
of graft versus host disease where dendritic cells are key players in alloantigen
presentation,! similar to allogenic islet transplant82 and further motivating our choice to
deliver FTY720 prior to the introduction of cells. Although only preliminary /n vivo
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experiments have been conducted thus far with the nanofiber pocket, only the
preconditioning method has restored normoglycemia, confirmed via removal of the implant
(Figure 6).

Prevascularized implants have been investigated to reduce the hypoxic damage caused by a
lack of blood vessels at the early stages of a transplant. While this is part of the strategy we
have employed, delivery of FTY720 has the unique advantage of potential pleiotropic effects
during islet transplantation. Based on our previous studies,33-3%:52 FTY720 local delivery
promotes vascularization and anti-inflammatory myeloid cell recruitment, which may play
key roles in transplant success. Witkowski et al. transplanted syngeneic islets into an
intramuscular site that had been preconditioned by local release of VEGF and PDGF,
resulting in a higher cure rate than untreated or non-growth factor controls.53 de Vos et al.
investigated a prevascularized expanded polytetrafluoroethylene physical support that was
coated with acidic fibroblast growth factor and implanted in the peritoneal cavity 4 weeks
prior to islets being introduced, resulting in a higher cure rate compared to no scaffold.54
Juang et al. found only a modest effect of pre-vascularization when there were no
proangiogenic molecules delivered from the implant.12 In contrast, studies employing
FTY720 local delivery enable investigation of additional benefits beyond vascularization,
such as modulation of inflammation after allogenic transplantation.

When cells are within a macroencapsulation device, scaffold contraction could disrupt the
three-dimensional arrangement of cells. In the case of pancreatic islets, the spherical shape
of the aggregate of beta, alpha, delta, PP and epsilon cells has been characterized®>-%7 and is
important for optimal glucose control.68-70 Cross-linked porcine decellularized dermis
(Enduragen®) is dimensionally stable, allowing it to prevent pocket collapse during site
preconditioning as well as post-transplantation. The protected space within the device was
confirmed using non-invasive ultrasound out to 12 weeks following subcutaneous
implantation (Figure 5). In future work, encapsulating the islets in a hydrogel or in
microcapsules inside the device would be an alternative way to support the spherical shape
of islets within the device. Nanofibers have been used to encourage aggregation of
individual cells into pseudo-islets,”1:72 underscoring possible extension of nanofibers as a
macroencapsulation material for stem cell-derived islets. Local release of FTY720 may also
benefit other encapsulation designs,!8 including scaffoldless approaches!’ and porous
scaffolding techniques.”3:74

Revascularization of transplanted pancreatic islets is critical to the efficient and long-term
restoration of normoglycemia. While pancreatic islets are known to produce angiogenic
factors such as VEGF, hypoxia still occurs immediately post-transplantation. Hypoxia
induces islet necrosis, caused by insufficient diffusion-limited nutrient delivery, which then
contributes to a significant loss of functional tissue. Since the largest islets are affected first,
one method to address this challenge has been to engineer islets of a sufficiently small
size.”>"8 The cost of extended culture times and the requirement of disaggregation may be
drawbacks to this approach when using primary cells. Other approaches at various stages of
development include genetic engineering of the islets to produce angiogenic factors, co-
transplantation of endothelial cells or other proangiogenic cells, site preconditioning (as
investigated in the present work),%3:79 and direct oxygen supply.&0

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bowers et al. Page 12

Preconditioning has proven useful in multiple islet implant systems,81-84 highlighting the
utility of this technique. In the present study, two weeks is sufficient for a significant amount
of FTY720 to be released, exert its therapeutic effects, and be cleared from the transplant
site in preparation for islet transplantation.3> Investigations of the Theracyte device showed
that a preimplantation period of 3 months significantly improved the cure rate and reduced
the numbers of islets required to effect a cure.8> Addition of pleiotropic molecules such as
FTY720 to condition transplant sites within similar devices could be an effective way to
further improve islet survival and functionality. Although there may be an additional cost in
performing a two-step procedure, other clinically-relevant macroencapsulation devices are
rechargeable (MAILPAN, Defymed), suggesting feasibility of multiple clinic visits.
Furthermore, this nanofiber device is compatible with simple and safe monitoring methods
such as ultrasound and optical imaging techniques, which can be used to monitor the device
during the preconditioning period and following the pancreatic islet delivery procedure for
parameters including oxygenation.86

In summary, we have developed a novel drug-releasing nanofiber-based semi-permeable
membrane for the application of pancreatic islet transplantation. The experiments suggest
that nanofibers composed of PHBV and PCL are compatible with islets, while PLGA may
release degradation products that impair islet function. FTY720 delivery may provide
several benefits if delivered to transplantation sites; however, high doses of FTY720 appear
to be toxic to islets. Consequently, a preconditioning implant scheme prevents exposure of
islets to harmful concentrations of FTY720, while simultaneously leveraging its therapeutic
effects. During this preconditioning period, local release of FTY720 promotes a regenerative
environment, supporting use of FTY720 in tissue engineering-based approaches to improve
cell transplantation.
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FIGURE 1.

Islet viability is reduced by high FTY720 concentration and PLGA nanofibers. (A,B) /n
vitro dose response of mouse islet apoptosis/necrosis and (C) stimulation index to increasing
amounts of FTY720 added to RPMI11640 media at 37°C (n = 4,3,2,2,2 wells for 0, 10, 100,
500, 1000 ng/mL, respectively; *p < 0.05 compared to 0 ng/mL control, mean + SEM). (D)
The viability of human islets was compared when several polymers were incubated with the
islets (n=50,50,50,30,50,39 islets visually inspected for Media, PHB, PHBV, PCL, PLGA
& PCL, PLGA & PCL 1:400 FTY720, respectively. *p < 0.05, mean £ SEM).
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FIGURE 2.
Addition of FTY720 to PHBV-PCL nanofibers increased mechanical properties without

apparent morphological changes. (A) Scanning electron micrographs of the FTY720-loaded
and unloaded control electrospun nanofibers. (B) Young’s modulus and (C) ultimate tensile
strength of the nanofiber mats (/7= 3 for each fiber type, mean + SEM).
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S1P3 slows progression to streptozotocin-induced diabetes in mice. Tail vein non-fasting
blood glucose values were monitored in male (A,B) and female (C,D) wild-type and S1P3-/
— mice on a C57BL6 background (no significant difference, mean £ SEM). Mice were
considered diabetic when glucose values were above 200 mg/dL. n= 10, 10, 5, 5 for wt
male, wt female, S1P3-/- male and S1P3—/- female mice, respectively.
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FIGURE 4.

A dimensionally stable nanofiber implant design for preconditioned pancreatic islet
transplantation. (A) Diagram showing the construction of a pocket with a porcine
decellularized dermis insert to maintain a separation between the nanofiber layers for the
islets to occupy. (B) Scanning electron micrographs of the outside of the pocket
(“unmodified”) and the heat-sealed edge. (C,D) porcine decellularized dermis is
dimensionally stable as seen by the ratio of the axis lengths (#=7, 8, 10 and 8, 9, 10 for
porcine and human at 4, 8, 12 weeks, respectively, *p < 0.05, mean = SEM). (E) GFP1
murine islets have decreased fluorescence with increased time in culture inside a nanofiber
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pocket. Images taken at 0, 1, 2, 3, 4, 18 and 48 h (1= 2 pockets, mean + SEM). (F) £x vivo
function of mouse islets is reduced after as short as 12 h of /n vivo implantation in a
PHBV/PCL pocket in a mouse (1= 1, except n= 3 for media only that shows stimulation of
islets at the 12 h timepoint after maintenance in standard suspension culture, p> 0.05, mean
+ SEM). (G) /n vitro experiments also showed loss of stimulated insulin secretion (7= 3
wells for each condition, salt leached PHBV-PCL + FTY720, p> 0.05, mean + SEM).
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FIGURE 5.
Maintenance of implant structure imaged by ultrasound with vascularization at 12 weeks

after abdominal subcutaneous implantation. (A) A subcutaneously-placed pocket monitored
by ultrasound maintains a void at 4 and 12 weeks, (B) corresponding with H&E (Dotted
lines: white, nanofibers; yellow, porcine decellularized dermis, cyan, void). (C) Vasculature
in the intraperitoneal wall was visualized by reflection of the skin, fibers and wall upon
sacrifice to compare unloaded fibers verses FTY720-loaded fibers (yellow lines: pocket
edge). (D) Vascularized tissue attached to the outside of the FTY720-loaded nanofiber
pocket after implantation and integration in the peritoneal cavity. (E) Histological (H&E)
section of an FTY720-loaded membrane next to the structural support showing a lack of
vessel penetration, scale bar 100 um.
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FIGURE 6.

Islets transplanted into a 14 day preconditioned nanofiber pocket restore normoglycemia in
preliminary transplants. (A) Minimally invasive injection of islets into the pocket can be
ultrasound-assisted (yellow arrow: 28G needle). (B) Preconditioning scheme introduces
islets 2 weeks after the nanofiber encapsulation device. (C) Syngeneic islets transplanted
without nanofibers were placed under the kidney capsule or freely floating in the
intraperitoneal cavity resulting in blood glucose reduction (blue line, 7=5, mean + SEM).
Islets were transplanted inside a FTY720 PHBV/PCL salt-leached nanofiber pocket at the
time of implantation without correction of blood glucose (black line, 7= 5, mean £ SEM).
(D) Islets introduced to a FTY720 PHBV/PCL salt-leached nanofiber preconditioned pocket
reach normoglycemia (n= 2, mean = SEM). Glucose increase beyond day 24 is attributed to
the islet containing implant being removed, indicating glucose control was derived from
transplanted cells.
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TABLE Il
Contact Angle of Two Liquids on FTY720 Loaded and Unloaded PHBV-PCL Fibers (7= 3 Per Sample)

Liquid Angle (Degrees)

PHBV-PCL Water 116.1 + 86.6
Glycerin 121.3+85.4

PHBV-PCL FTY720 Water 49.5 + 86
Glycerin 743 +87.1
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