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Abstract

Islet transplantation effectively treats diabetes but relies on immune suppression and is practically
limited by the number of cadaveric islets available. An alternative cellular source is insulin-
producing cells derived from pluripotent cell sources. Three animal cohorts were used in the
current study to evaluate whether an oxygen-providing macro-encapsulation device, ‘BAIR’, could
function in conjunction with human embryonic stem cells (hESCs) and their derivatives. The first
cohort received macro-encapsulated undifferentiated hESCs, a second cohort received hESCs
differentiated to a pancreatic progenitor state with limited endocrine differentiation. A reference
cohort received human islets. Macro-encapsulation devices were implanted subcutaneously and
monitored for up to 4 months. Undifferentiated pluripotent stem cells did not form teratoma but
underwent cell death following implantation. Human C-peptide (hC- peptide) was detectable in
host serum one week after implantation for both other cohorts. hC-peptide levels decreasing over
time but remained detectable up to the end of the study. Key factors associated with mature
endocrine cells were observed in grafts recovered from cohorts containing islets and hESC-
derivatives including C-peptide, insulin, glucagon and urocortin 3. We conclude that the ‘BAIR’
macroencapsulation device is compatible with both human islets and pluripotent derivatives, but
has a limited capability of sustaining undifferentiated pluripotent cells.
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Introduction

Islet transplantation is an effective treatment for type | diabetes (12 and http://
www.citregistry.org/). However, patient demand for islets of Langerhans far exceeds the
numbers available for transplantation, severely limiting this treatment option. Human
embryonic stem cells (hRESC) are a promising alternative source of insulin secreting cells.
hESCs have an unlimited growth potential and the capacity to differentiate to any cell-type
of the body 3. Combined, these qualities imply the possibility of a limitless source of insulin
producing beta-cells. However, two caveats to the use of hESC are the autoimmune rejection
of implanted biologic material and the possibility of teratoma formation 4; the latter risk is
further enhanced if co-administering immunosuppressive drugs.

Considerable advancements in differentiating pluripotent cultures into functional pancreatic
endocrine cells have occurred over the last decade 5678910 and normoglycemic restoration
in diabetic mice through the implantation of such cells has been demonstrated 6:8:9.11.12 The
best-known approach, pioneered by Kroon et al. 5, relies on implantation of pancreatic
progenitors in a protective sac which in turn differentiate /7 vivoto form mature functional
endocrine cells by an as yet poorly understood mechanism 81314 The jn vivo maturation
process generally takes 2—3 months, and preclinical testing demands the use of immuno-
compromised animals. Oxygen-replenishment macroencapsulation technology in
conjunction with pluripotent derivatives has not been addressed at present. Generally,
evaluation of encapsulation technologies have been performed using human islets (reviewed
in 19),

‘BAIR’ is an immuno-protective macro-encapsulation device previously shown to restrict the
influx of host immune molecules and cells while permitting small molecule transfer
(glucose, nutrients) and endocrine communication (e.g insulin) between graft and host 1617
The *BAIR’ macro-encapsulation device contains a refillable air reservoir and provides a
protective shielding for endocrine material through a dual-layer polytetrafluoroethylene
(PTFE) membrane. Device functional testing has been performed in rats 18, pigs 1°, and
human 17 Demonstrating iso- and allo-type immunoprotection, rat islets encapsulated in
‘BAIR’ were capable of restoring normoglycemia in streptozotocin (STZ) induced diabetic
rats 1920, Implanted devices sustained islets within a rat host for three months, and the host
tissue immediately adjacent to the implantation site became vascularized. Gottingen
minipigs were implanted with xenogeneic (rat) islets demonstrating the device’s ability to
xenoprotect grafts from the host immune system 1 Importantly, glucose stimulated insulin
secretion of pre-implantation islets was equivalent to the retrieved post-implantation
material. More recently, a clinical study demonstrated that the ‘BAIR’ encapsulation
technology is capable of sustaining islet viability and endocrine function for up to 10 months
17 1n the current study, we evaluate the ‘BAIR’ technology ability to safely accommodate
and sustain hESC-derivatives within an immuno-competent rodent host, thus providing a
safe method of implanting hESC derivatives without the need for immunosuppression.
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Materials and Methods

Animal usage and procedures

All of the work performed was IACUC approved and detailed in protocol 2011-0628. In an
effort to randomize the results outbred female Lewis rats were matched for weight and age
(8w old, 190 — 216 grams (Jackson Laboratory Bar Harbor, ME)). Devices were refueled
daily with a gas mixture composed of 55% nitrogen, 40% oxygen and 5% carbon dioxide
(Praxair Danbury, CT special order). Rats were anesthetized using an isoflurane chamber
before washing the skin covering refueling ports with ethanol. A 27 gauge needle (BD
Biosciences San Jose, CA #305109) was inserted into the each of the two ports. A filtered
(Millipore Allen, TX #SLFG025LS) syringe (BD Biosciences San Jose, CA 302832)
containing gas mixture was affixed to one of the needles (side switched daily), while the
other served as an exhaust to displace used gas. Rats were bled through the tail vein bi-
weekly for blood collection.

Four months after the initial implantation streptozotocin (STZ) (MP Biomedical Solon, OH
#02100557) was reconstituted to a final concentration of 7.5mg/ml in a 110mM sodium
citrate buffer immediately before use. Rats were anesthetized in an isoflurane chamber,
weighed and subjected to an intraperitoneal injection of 50mg STZ per kg of weight. Daily
weights and blood glucose measurements were taken using an OneTouch Ultra glucometer
(LifeScan Inc Milpitas, CA). After 3 days Linplant Sustained Release Insulin Implants
(Linshin Canada, Toronto, Ontario #LHR-10BV) were inserted subcutaneously in the upper
abdominal region using a 12G trocar. Daily measurements of weights and blood glucose
levels continued for an additional week until all remaining rats were euthanized.

Trial cohorts

Three cellular groups were used for implantation within this trial (outlined in Fig 3A-B).
The first group (undifferentiated hESCs) was a negative control. The second group (hESC
derived pancreatic progenitors) was designed to evaluate the safety of the ‘BAIR’ device in
conjunction with pluripotent derivatives. The third group (human islets) independently
assessed the ability of the ‘BAIR’ device to sustain functional islets and served as a
reference for the two hESC derived groups. Devices were inserted subcutaneously along the
left flank of the rats with the air ports anterior positioned behind the neck.

Cell culture maintenance and differentiation

The human embryonic stem cell line WAQ01 (H1) was maintained through co-culture with
irradiated mouse embryonic feeders. Pluripotent cells were passaged onto growth-factor
depleted Matrigel (BD Biosciences San Jose, CA #354230) followed by 3 days of growth
before initiating differentiation. A stage-wise description of the differentiation protocol used
is outlined in Fig. 1A. Stage 1 consisted of a 3-day incubation in RPMI containing 2%
albumin (Sigma-Aldrich St Louis, MO #A8806), 100ng/ml Activin A (Peprotech, Rocky
Hill, NJ #120-14), 8ng/ml bFGF (Life Technologies Carlsbad, CA #13256029) and 20ng/ml
Whnt3a (R&D Minneapolis, MN #5036-WN/CF). Wnt3a was only applied on the first day of
stage 1, aiding the formation of definitive endodermal cells. Stage 2 consisted of an 8-day
incubation in DMEM/F12 containing 2uM retinoic acid (Sigma-Aldrich St. Louis, MO

J Stem Cell Transplant Biol. Author manuscript; available in PMC 2019 October 28.



1duosnuep Joyiny vA 1duosnue Joyiny vA

1duosnue Joyiny vA

Bukys et al.

Page 4

#R2625), 100ng/ml Noggin (R&D Minneapolis, MO #3344-NG), 250nM cyclopamine
(Calbiochem San Diego, CA #239804), 100ng/ml Fgf10 (Peprotech Rocky Hill, NJ #100-
26) and 1% Hyclone defined FBS (Thermo Scientific Waltham, MA #SH300700,02) for the
first four days and 1% B27 (Life Technologies Carlshad, CA #08-00855A) for the following
four days. Stage 3 consisted of a 3-day incubation in DMEM/F12 containing 2uM retinoic
acid, 100ng/ml Noggin, 250nM cyclopamine, 20ng/ml Wnt3a, 50ng/ml Activin A and 1%
B27. Stage 4 consisted of a 12 day incubation in DMEM/F12 with 12mM Glucose
supplemented with 50uM DAPT (Sigma-Aldrich St. Louis, MO #D5942), 0.5uM 1,25
(OH)2 Vitamin D3 (EMD Chemical Billerica, MA #679101), 1uM ALKS inhibitor (EMD
Chemical Billerica, MA #616452), 1mM Sodium Propionate (Sigma-Aldrich St. Louis, MO
#P1880) and 50 uM 8-Br-cAMP (Sigma-Aldrich St. Louis #B7880). Implant preparation for
the hESC derived groups was accomplished by treating differentiated cell cultures with
collagenase for five minutes at which time cells were detached from flasks by gentle
pipetting. Cells were then pooled and an aliquot was treated with trypsin to estimate cell
number. Cultures were grown overnight in suspension as cellular aggregates before being
loading into macroencapsulation devices. Aliquots from each respective stage and the
overnight culture were taken for RNA isolation and IHC analysis.

Islet Purification:

Human islet preparations were obtained from the islet isolation program at the University of
Illinois at Chicago. The isolation, purification, and culture procedures were performed as
previously described 22122 Briefly, the pancreata were trimmed and distended with
collagenase and digested using a modified Ricordi semiautomatic method 2122 The
digestion phase was stopped between 10-20 minutes based on microscopic observation of
islet cleavage (degree of islets releases from exocrine tissue) and tissue volume by the same
experienced personnel. Digested tissue was then purified in a continuous density gradient
using the UIC-UB gradient 23 in a Cobe 2991 cell separator (Cobe 2991, Cobe, CO) and
subsequently cultured and maintained in CMRL 1066 culture media (Corning Corning, NY
#99-785-CV) at 37°C supplemented with 2.5% Human Serum Albumin (Grifols NDC Los
Angeles, CA #68516-5216-2), 0.244% Sodium Carbonate (Hospira Lake Forest, IL #0409-
6625-02), 10mM HEPES (Mediatech-Cellgro Manassas, VA #25-060-Cl), Ciprofloxacin
(Hospira Lake Forest, IL #0409-4778-86) and 0.2% Insulin- Transferrin-Selenium
(Invitrogen Carlsbad, CA #41400-045). The medium was changed every other day
following centrifugation of islets at 300 RPM for 5 minutes.

Loading of devices and implantation surgeries

Cohorts 1 received undifferentiated hESCs, cohort 2 received differentiated hESCs and
cohort 3 received human islets. ‘BAIR’ devices were loaded by mixing 3 x 10° cells (3000
islets for group 3) from the respective groups with a 2.5% high guluronic acid alginate
(G=0.68) solution. This mixture was stirred to assure equal distribution of the biomass
followed by distribution onto devices. Devices were then incubated for 16 minute in a
Strontium solution (70 mM SrCl,, 12.5 mM NaCl, 20 mM Hepes pH 7.4) to establish cross-
linking of the alginate. Excess Strontium solution was washed off the alginate/cell slab.
After the respective different cellular groups were seeded in an alginate slab the face of
‘BAIR’ devices was subsequently covered by a semi-permeable bi-layered PTFE membrane
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(Millipore Allen, TX #SLGSM33SS). Silicone glue attached the Biopore membrane over the
alginate slab and was secured further to the device using an O-ring. Devices were implanted
subcutaneously on the left of the upper abdominal flank with two 7 cm polyurethane tubes
connected to the refueling air-ports positioned at the upper back. Sutures were removed
between 5-7 days post-surgery with no additional post-surgery care needed.

ELISA analysis

Centrifugation was used to clear cellular components from blood samples. Samples were
analyzed on ultrasensitive C-peptide ELISA test kits (Mercodia Uppsala, Sweden #10-
1141-01) using manufacturer’s specifications. Standard curves and best fit lines were
generated using Prism graphing software. Assaying rat serum for antibodies against human
C-peptide (hC-peptide) was performed by incubating equal volumes of human and Rat
serum at ambient temperature for 1 hour. Mixed serum samples were then subjected to 10%
by volume Protein A/G PLUS-agarose beads (Santa Cruz Dallas, TX #sc-2003). Overnight
incubation at 4°C on a Labnet Mini Labroller was followed by centrifugation at 2500RPM to
clear Protein A/G PLUS-agarose beads. Supernatant was analyzed by ELISA on
Ultrasensitive C-peptide ELISA (Mercodia Uppsala Sweden, #10-1141-01) at a 1/4 dilution.

RNA and immunohistochemistry analysis

RNA extractions of all bio-material used throughout the trial was performed using TRIzol
(Life Technologies Carlsbad, CA). Reverse transcription of RNA samples was performed
using the reaction conditions provided with gScriptTM cDNA SuperMix (Quanta
Biosciences Beverly, MA #95048-100). Samples were loaded onto a custom design Quant
Studio Card using an OpenArray AccuFill System (Life Technologies Carlsbad, CA
#4471021) and ran on a QuantStudio 12k Flex Real-Time PCR System (Life Technologies
Carlsbad, CA #4471090). Analysis was performed in Expression Suite Software v1.0.4
using GAPDH as an internal control. Heatmap was generated using Microsoft Excel
software. Select genes highlighting developmental stages towards beta cell differentiation
are shown (Fig. 2D).

Histological characterization of pre-implant material occurred by incubating culture aliquots
in 4% paraformaldehyde (EMD Chemical Billerica, MA #30525-89-4) solution at 4°C for
24 hours. A 4-hour incubation in a 30% sucrose (Fisher Scientific Waltham, MA #BP220-1)
followed. Cellular samples were embedded in O.C.T. (VWR Radnor, PA #25608-930) and
frozen on dry ice. Blocks were sectioned on a Leica CM1900 cryostat. Recovered alginate
slabs were treated analogously for immunohistochemical preparation. All slides were
blocked with 0.1M Tris/HCI (Promega Madison, WI #H5123) pH 7.5 with 0.5% blocking
reagent (Perkin Elmer Waltham, MA #FP1012) and 0.1% TrintonX-100 (Fisher Scientific
Waltham, MA #BP151) for 1 hour. All antibody solutions were diluted in a 0.1M Tris/HCI
pH 7.5 and slides were mounted in a 1:2 dilution of Vectashield mounting medium (Vector
Laboratories Burlingame, CA #H-1200). The specific antibodies and the dilutions used are
provided in Supp. Table 1. Imaging was performed on an Olympus BX51 microscope using
Image Pro Plus software.
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Statistical Considerations for the Trial

Results

The Harvard University calculator for power analysis was used during the initial design of
the trial (http://hedwig.mgh.harvard.edu/sample_size/js/js_parallel_quant.html). The study
was viewed as 2 individual pairwise analyses, in which group 2 and 3 are measured against
group 1 (hESCs). To determine the required number of animals per group, we used the
following parameters: significance was set at p=0.05, Standard deviation = 2, number of
animals = undefined, power = 0.85, difference in means = 4, location of mean in one group
as a percentile of the other group = undefined. The power analysis calculation resulted in
giving a total of n = 6/group in each paired comparison. The probability was determined to
be 87% that the study would detect a treatment difference at a two-sided 0.05 significance
level, if the true difference between treatments was 4.000 units.

In vitro characterization of hESC-derived pancreatic progenitors

The directed differentiation of pluripotent stem cells was accomplished as outlined in Fig.
1A. Stage-wise transcript analysis of the differentiating hESC was performed to assay the
progression and efficacy of the pancreatic differentiation protocol. An increasingly
pancreatic phenotype throughout the protocols different stages was observed (Fig. 1B). The
stage 1 induction resulted in a transient expression of NODAL and an up-regulation of the
definitive endoderm marker FOXAZ. FOXAZ expression was sustained throughout the
protocol. The stage 2 through the stage 3 transitions resulted in the up regulations of several
pancreatic specific transcripts including PDX1, HNFI1-5, NKX6.1, ONECUT1 and GLIS3
while stage 4 induced the endocrine related genes NGN3and HEPACAMZ, as well as the
endocrine products GCG, SST, and /NS. It should be noted that the relative expression of
SSTwas greater than the levels of GCG or /INS. When compared to the human islets, the
relative levels of these three endocrine products were low. We conclude that the directed
differentiation protocol used resulted in a limited endocrine population.

Previous studies have shown that directed differentiation of pancreatic fates also commonly
generates the non-pancreatic endodermal fate of liver and intestines 710, These identities
were evaluated through the expression patterns of HHEX and ALB for liver, and CDX2 for
intestinal development. While low levels of HHEX expression was detected throughout the
directed differentiation protocol, levels were the highest through stages 3 to stage 4. No
significant expression of ALB was detected. Together this suggests little to no liver
development during the protocol. Likewise low levels of CDX2 expression was detected
throughout the early stages of the protocol with a significant level occurring by stage 3 and
stage 4, suggesting that portions of the implanted hESC culture had an intestinal, possibly
duodenal, characteristic. In addition, the occurrence of mesodermal fates throughout the
differentiation event was also noted through the continued expression of the mesodermal
markers MEOX1, THY1and COL6A1 (Fig. 1B). We found no strong evidence of other
lineages (anterior endoderm, ectoderm) present within the differentiated culture.

To verify these expression patterns we performed an immunohistochemical analysis of the
pre-implantation hESC derived cells. Evaluation of the endodermal components of the

J Stem Cell Transplant Biol. Author manuscript; available in PMC 2019 October 28.


http://hedwig.mgh.harvard.edu/sample_size/js/js_parallel_quant.html

1duosnuep Joyiny vA 1duosnue Joyiny vA

1duosnue Joyiny vA

Bukys et al.

Page 7

culture, as defined by FOXA2 expression, (Fig. 2A-H) demonstrated large FOXA2+ regions
co-expressing PDX1 (Fig. 2B-D) implying that the majority of the endodermal cells were of
pancreatic identity. In addition, the majority of the FOXA2+ population also co-expressed
NKX®6.1 (Fig. 2F-H) suggesting a TrPC (trunk- progenitor cell) phenotype; a precursor state
to beta cell differentiation. Endocrine differentiation within this culture was scarce, with
only small clusters of insulin+ cells present (data not shown). We concluded that group 2
cultures displayed a low percentage of endocrine cells with the majority of the culture
expressing characteristics of pancreatic progenitors as defined by the co-expression of
FOXA2/PDX1 and FOXA2/NKX6.1.

Macro-encapsulation of the different cellular groups

To understand the feasibility of using the ‘BAIR’ device in conjunction with these hES-
derived cells a rat trial was undertaken (as outlined in Fig. 3A-B (n=17 total)) with the
primary end-point being detection of circulating hC-peptide. The majority of the rats quickly
recovered from surgeries and lived up to 4 months without any adverse effects. Various rats
were put down early in the study to assay the survival and differentiation of the implanted
cultures (as indicated in Fig. 3B). Notably very little viable material was recovered from any
of the rats in cohort 1 suggesting the environment present in the macroencapsulation device
was unfavorable for the survival of undifferentiated hESC. This problem was not observed in
cohort 2 or cohort 3 where bio-material was recovered from every rat euthanized.

A typical rat is shown in Fig. 4A. At termination, inspection of the implantation sites/
pockets was performed by analyzing tissue immediately adjacent to the device which
consistently appeared healthy (Fig. 4B-D). Normally, a vascularized tissue-layer developed
at the interface between device and host (Fig. 4B-D). Removal of this associated tissue-layer
consistently showed that the alginate slabs and the membrane covering always remained
undisrupted (Fig. 4D-E). No indication of any cells breaching the membrane barrier was
observed anytime throughout the trial, and in all cases the integrity of the membrane barrier
was never compromised.

Encapsulated graft in vivo insulin secretion

Since the trial’s cellular populations were of human origin, insulin released from implants
could be distinguished from endogenous rat insulin. Rats had their blood sampled every
other week, and the hC-peptide measurements for fed animals are compiled in Fig. 5A.
Considerable variance was detected in hC-peptide levels throughout the trial. For example,
group 3 hC-peptide levels during the first week of the trial varied from 70 pM (rat 3-2) to
non-detectable levels (rats 3-1 and 3-4) (data used in Fig. 5A).

While non-detectable hC-peptide levels occurred, it should be noted that they did not
consistently occur within the same rats from week to week. For example, rat 3—-1 had non-
detectable hC-peptide levels during the first and third weeks of the trial, but had the highest
hC-peptide level detected during the 7t week of the trial (32pM). Overall the average hC-
peptide levels in group 3 (human islets) were the highest, and group 1 (undifferentiated hES
cells) signals were consistently at the lower limit of detection as would be expected. Finally,
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a decreasing level of circulating hC-peptide was noted over the length of the trial for all
cohorts.

Two possible reasons for the lowering levels of circulating hC-peptide were explored. First,
the possibility that the rats’ endogenous p-cell mass was suppressing graft insulin secretion
was explored through rendering the rats diabetic via STZ injection. After injection, all of the
rats displayed became diabetic, displaying increased blood glucose levels ranging between
18.4 — 28.1mM by 3 days post STZ administration (Supp. Fig. 1A). In addition all rats lost
approximately 10% of their body mass during the same time period (Supp. Fig. 1B). Rat
blood samples collected on the second and third days post STZ administration did not have
increased hC-peptide levels (Supp. Fig. 1C). Rats subsequently had Lin-Plant slow-release
insulin pellets subcutaneously placed to assist in control the resulting diabetes. We next
explored the possibility that hC-peptide detection in the rat serum was blunted by a host
immunological response to the circulating hC-peptide. Serum from insulin-cell bearing rats
was assayed for the ability to decrease c-peptide levels in human serum. It was observed that
the hC-peptide concentration decreased by as much as 47% (e.g. rat 3-4) indicating the
presence of hC-peptide specific antibodies (Fig. 5B).

Explanted devices display widespread expression of endocrine genes

Following euthanasia, devices were recovered for post-implantation ex-vivo function and for
histological assessment of graft composition. The recovered post-transplant islets and hES
derivatives had a number of functional markers evaluated. Expression of the hormone
product C-peptide and the functional marker Urocortin 3 (UCN3) (Fig. 5C-J) were both
present and abundant within both cohort 2 and 3. UCN3 expression has previously been
shown to coincide with the B-cells ability to respond to changes in glucose concentration 24,
and was widely expressed throughout the islet preparation before (not shown) as well as
after encapsulation (Fig. 5D). It was noted that UCN3 expression was not limited to p-cells
25 Widespread UCN3 expression was also noted within the islet-like clusters extracted from
the hES-derived group (Fig. 5H & J) and was not restricted to the C-peptide+ regions (Fig.
5J).

We next evaluated the endocrine products on Insulin and Glucagon throughout both cohorts.
The recovered human islets were still abundantly producing the hormone products of insulin
(Fig. 5K) and glucagon (Fig. 5L), suggestive of the fact that the cells were still at least
partially functional. In the case of the hESC-derivatives, smaller islet-like clusters were
observed throughout the recovered biomaterial, though at a low percentage (less than 5% of
the total culture). Assaying these clusters revealed numerous cells expressing pancreatic
endocrine products. While a few poly-hormonal cells were noted, the majority of cells were
mono-hormonal expressing only insulin (Fig. 50) or glucagon (Fig. 5P).

The structural integrity of the recovered islets was further evaluated by investigating if the
non-endocrine components were sustained throughout the macroencapsulation event. A
major contributing component of islet structure is the capillary networks associated with
them. Specifically, we evaluated the expression pattern of von Willebrand Factor (vWF), a
plasma protein synthesized within endothelial cells 26, to determine if the capillary network
normally associated with islets had been preserved (Fig. 5M). Since the islets were
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completely cut off from the rat vasculature, we expected a loss of the endothelial
components. However, expression patterns demonstrated at least a partially sustained
vasculature within the post-transplantation islets. While this expression pattern does not
indicate that the capillary networks retained any functionality, it supports the notion that a
higher structural organization within the islet implants was preserved during the
macroencapsulation event. When comparing the hESC derived endocrine cluster architecture
to that of the human islets no evidence of endothelial cells was found (Fig. 5Q). Altogether,
the expression patterns of key functional genes present in the recovered islets are further
indicative of a long-term preservation of both the islet architecture and function.

We conclude that ESC-derived cells underwent a limited endocrine cell differentiation in the
‘BAIR’ device, clustering together into structures resembling pancreatic islets but failing to
achieve complete islet architecture and composition.

Discussion

Here we demonstrate that macroencapsulation within the ‘BAIR’ device can successfully
sustain human islets and hESC derivatives within a non-immunosuppressed host. Further,
these cellular grafts were found viable four months after initial implantation, demonstrating
the possibility for long-term treatment. A particular benefit of this form of
macroencapsulation is the negation of safety concerns associated with hESC derivatives (e.g.
teratoma risk) because the host is effectively shielded from the implant. Since cells were
implanted for an extended period of time, it is clear that no rat immunological components
penetrated the membrane barrier. Conversely, there was no indication of human cellular
material breaching the device. Previous studies using hESC derivatives as a source of
endocrine cells have relied on implanting pancreatic precursors, which in turn differentiate
into endocrine sub-types /n vivd®11. Specifically, in the case of Viacyte, mature endocrine
cells cannot be accommodated, as sufficient vascularization occurs several months post-
implantation. While our studies used a similar strategy with the majority of the hESC
derived cells consisting of pancreatic progenitors, the ‘BAIR’ technology accommodates
fully differentiated endocrine cells, and with current advancements in the ability to generate
more mature pluripotent derived endocrine populations in vitro 2728, future studies should
focus on initially encapsulating functional pluripotent derivatives.

When the various cohorts were rendered diabetic via STZ administration none of the
implants were capable of sustaining glycemic control. While the present trial was not aimed
towards glycemic restoration of a diabetic animal and primarily designed to evaluate the
‘BAIR’ device’s ability to sustain pluripotent derivatives, it is important to note that hC-
peptide was detected in serum, though clearly not to the levels needed to sustain
homeostasis. A confounding effect of the trial was found to be the development of an
immune response to graft-generated hC-peptide which consequently interfered with the
ELISA based hC-peptide detection. For that reason, the actual levels of circulating hC-
peptide are probably underestimated, and future studies should include cohorts of
immunodeficient rats unable to mount an immune response to human proteins. Though the
‘BAIR’ device is capable of shielding grafts from the host immune system, molecules
secreted from the graft into the host circulatory system are not protected from the host’s
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immune system. With this in mind, future studies combining the ‘BAIR’ technology with
hESC derivatives may benefit from using immune compromised rats to overcome the
possibility of an immune response to the grafts secretions.

Additionally, the implanted cell number per device served as a limiting factor. This was
guided by the oxygen needs of the human islet preparation and the number of cells
implanted per device was matched when using hESC derived cells. It is possible that graft
volume of hESC derivatives could be significantly increased since the oxygen demand of
pancreatic progenitors are significantly less than the oxygen requirement of islets 29:30.31,32
In addition, the purity of hESC-derived cells was less than absolute, and this may have
substantially limited the hESC derived group from the onset of the trial. It is interesting to
consider a recent study by Kroon et al © in which the authors implanted 2 Encaptra-type sacs
both containing between 0.5-1x107 hESC-derived cells per mouse and compared this to
implants of 3000-5000 human islets per mouse. In the current study we implanted ~15-30%
of the hESC derived cells and the same number of human islets per rat (an organism app.
10x larger than mice). While not reaching the level of circulating hC-peptide observed in the
Kroon et al. study, we did observe circulating hC-peptide within both cohorts throughout the
trial. It should also be noted that human islets function poorly in rats 33, and a larger human
islet cell mass is generally required for rodent endocrine functions, rendering the rat model a
poor host in regard to /n-vivo functional assessments.

While subject to certain animal model limitations, and constricted by the lack of mature,
glucose-responsive insulin producing cells, this study nonetheless demonstrates that
cadaveric human islets were successfully sustained within the ‘BAIR’ device, as were hESC
derivatives with a pancreatic phenotype. Immunohistochemical analysis of the human islets
recovered after encapsulation further demonstrated that basic islet morphology was
preserved and displayed characteristic endocrine markers at similar levels as the starting
material. Maturation markers suggest functional endocrine cells were recovered. These data
confirm previous finding regarding functional performance of rat islets in a xenogeneic
system using the ‘BAIR’ device 19

Considering that very little biomaterial was recovered from the Group 1 devices, it is
possible that undifferentiated hESCs failed to be sustained in the high oxygen environment
of the ‘BAIR’ device, or alternatively were incapable of maintaining viability given other
parameters of the encapsulation event. This latter possibility could be related to forward
differentiation and subsequent death, but the study design was not to investigate such events.
Because no devices were retrieved at the early time points, we cannot determine between
these possibilities. However, the current trial emphasizes that no particular safety concern
was identified using pure pluripotent stem cells within the *BAIR’ device and there was no
indication of cells breaching the device’s membrane barrier. As currently tested, it is
unknown if membrane integrity would remain over a period of years, versus months. Long-
term deterioration of membrane integrity could eventually compromise the
immunoprotective ability and alter the safety profile as well.

In conclusion, the ‘BAIR’ device technology offers a possible immunoprotective shielding
for human endocrine cells, including cells derived from hESC. Additional testing is required
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to establish long-term functional retention, and future studies are needed to evaluate hESC
derivatives differentiated to a significantly higher functional maturity and purity than those
tested in the current trial.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 —. Directed differentiation of hES cells toward pancreatic fates.
Panel A shows the directed differentiation protocol used to generate the hES derivatives used

throughout the trial. Panel B shows a heat map of selected genes assayed at the different
stages of the directed differentiation protocol as compared to the expression pattern of
human islets.
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A

Figure 2 — IHC analysis of preimplantation hESC derivatives.
Panels A-D were stained for the pancreatic progenitor marker PDX1 (Panel B) and the

endodermal marker FOXA2 (Panel C). Panels E-H were stained for the TrPC marker Nkx6.1
(Panel F) and the endodermal marker FoxA2 (Panel G). Prime letters are higher
magnification images from the region indicated by the box in panel B & F.
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Figure 3 —. Schematic outline of trial.

Panel A shows a schematic of the three different trial cohorts. Implanted devices were
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loaded with cells as follows; Group 1 was loaded with pluripotent hESC, Group 2 was
loaded with hESC differentiated into pancreatic precursors with limited endocrine fate
conversion using a 4-stage protocol, Group 3 was loaded with human islet preparations.

Panel B shows a timeline for each rat in the trial.
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Figure 4 —. Explantation of macro-encapsulation device.
Panel A shows a typical rat after euthanasia. Arrow heads denote the subcutaneous

positioning of the device and the air ports. Panel B and C show the recovery of the macro-
encapsulation device from rat 2-1 and the tissue layer associated with it. Panel D shows the
recovered device from rat 3-5 with the associated tissue layer partial pulled back. Arrows in
panels C-D show vessels that are present in this tissue covering. Panel E shows the device
recovered from rat 2-1 after the associated tissue layer was removed from it.
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Figure 5 —. In trial measurements and post-trial recovery.
Panel A shows the average biweekly serum hC-peptide concentration per group for the

length of the trial. Panel B shows the depletion of C-peptide from human serum by serum
from representative rats from the trial indicated on the x-axis. Abbreviations are as follows:
human serum (HS), control rat serum (RS) and numbers are rat serum recovered from the
indicated cohorts (ie 1-3 is rat 3 from group 1). Panels C-J show immunofluorescence
staining for C-Peptide and Urocortin-3 on recovered islets (panels C-F) and hESC
derivatives (panels G-J). Panels K-R show immunofluorescence staining for Insulin,
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Glucagon and Von Willebrand Factor on recovered islets (panels K-N) and hESC derivatives
(panels O-R).
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