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Abstract

Type I diabetes mellitus, which affects an estimated 1.5 million Americans, is caused by 

autoimmune destruction of the pancreatic beta cells that results in the need for life-long insulin 

therapy. Allogeneic islet transplantation for the treatment of type I diabetes is a therapy in which 

donor islets are infused intrahepatically, which has led to the transient reversal of diabetes. 

However, therapeutic limitations of allogeneic transplantation, which include a shortage of donor 

islets, long-term immunosuppression, and high risk of tissue rejection, have led to the investigation 

of embryonic or induced pluripotent stem cells as an unlimited source of functional beta-cells. 

Herein, we investigate the use of microporous scaffolds for their ability to promote the 

engraftment of stem cell derived pancreatic progenitors and their maturation toward mono-

hormonal insulin producing β-cells at a clinically translatable, extrahepatic site. Initial studies 

demonstrated that microporous scaffolds supported cell engraftment, and their maturation to 

become insulin positive; however, the number of insulin positive cells and the levels of C-peptide 

secretion were substantially lower than what was observed with progenitor cell transplantation into 

the kidney capsule. The scaffolds were subsequently modified to provide a sustained release of 

exendin-4, which has previously been employed to promote maturation of pancreatic progenitors 

in vitro and has been employed to promote engraftment of transplanted islets in the peritoneal fat. 

Transplantation of stem cell derived pancreatic progenitors on scaffolds releasing exendin-4 led to 

significantly increased C-peptide production compared to scaffolds without exendin-4, with C-

peptide and blood glucose levels comparable to the kidney capsule transplantation cohort. Image 

analysis of insulin and glucagon producing cells indicated that monohormonal insulin producing 

cells were significantly greater compared to glucagon producing and polyhormonal cells in 

scaffolds releasing exendin-4, whereas a significantly decreased percentage of insulin-producing 

cells were present among hormone producing cells in scaffolds without exendin-4. Collectively, a 

microporous scaffold, capable of localized and sustained delivery of exendin-4, enhanced the 

maturation and function of pluripotent stem cell derived pancreatic progenitors that were 

transplanted to a clinically translatable site.
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Introduction

Type I diabetes (T1D), which affects an estimated 1.5 million Americans, is caused by 

autoimmune destruction of the pancreatic β-cells that currently results in the need for life-

long insulin therapy 1–3. Rigorous glucose monitoring combined with insulin administration 

can manage symptoms in T1D patients; however, secondary microvascular and 

macrovascular complications eventually afflict most T1D patients 1–3. Cellular therapy holds 

promise for permanent control of glucose within the physiologically required range, and 

would allow for endogenous insulin production 4–5. Human allogeneic islet transplantation 

as a β-cell replacement strategy reached a major milestone in 2000 when investigators 

achieved diabetes reversal in seven out of seven recipients by hepatic infusion of islets from 

multiple donor pancreata combined with corticosteroid-free immunosuppression 3. Since 

then, improvements in islet transplantation have led to 56% of patients transplanted 

becoming insulin dependent after 3 years 6, with limited long-term function being attributed 

to immunosuppression protocols and the local milieu within the liver contributes to limited 

islet engraftment 7–9.

Alternative cell sources for transplantation are being sought as the supply of donor islets is 

limited 6, 10–14. Pluripotent stem cell derived β-cell therapy is emerging for T1D treatment, 

since the recent ability to direct stem cell differentiation of renewable pluripotent stem cells 

toward a β-cell lineage have been developed 15–21. Several milestones have been achieved 

with the development of culture systems that enable pluripotent stem cells (PSCs) to form 

definitive endoderm 22, with subsequent development through pancreatic endoderm to 

endocrine cells capable of synthesizing pancreatic hormones 23. While cells have been 

differentiated in vitro to various stages of immature β-cells, transplantation in vivo is 

necessary to complete cell maturation 4, 16, 18, 21, 24–26.
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Alternative transplantation sites may be necessary for the transplantation of in vitro derived 

pancreatic progenitors. Previous reports have primarily employed transplantation of PSC 

derived pancreatic progenitors into the kidney capsule 15–18, 20–21. Biomaterial scaffold 

systems have been employed for transplanting the progenitors have, until recently 27, been 

less efficient relative to transplantation of pancreatic progenitors to the kidney capsule, or 

have involved components such as Matrigel that are not translational for clinical applications 
4, 28–29. A recent report has indicated that encapsulation of immature β-cells within an 

alginate hydrogel and transplanted to the intraperitoneal space of diabetic mice can restore 

euglycemia within 14 days following transplantation and provides long-term glucose control 
30. Importantly, these cells following transplantation must continue to mature in the presence 

of signals from the local host microenvironment in vivo.

Herein, we investigated the use of microporous scaffolds for extrahepatic, extrarenal 

transplantation of pancreatic progenitors, with localized delivery of trophic factors to 

enhance maturation. We have previously reported on scaffolds for extrahepatic 

transplantation 31–32 of murine, human, and porcine islets 32–33, which has led to 

engraftment and long-term function. Furthermore, the scaffolds have been fabricated for the 

sustained, localized release of exendin-4, a glucagon-like peptide-1 (GLP-1) receptor agonist 

that stimulates glucose dependent insulin secretion, protects islets against apoptosis, and 

improves outcome in animal islet transplantation models 34–36. Exendin-4 has also been 

previously reported to enhance the differentiation of mouse embryonic stem cells to insulin-

producing beta cells, primarily by upregulating Neurod1 and Glut2 gene expression 37–38. 

Taken together, we hypothesize that using PSC-derived pancreatic progenitors along with a 

cell delivery platform, capable of localized and sustained delivery of trophic factors, will 

enhance in vivo cell maturation toward monohormonal insulin-producing cells at a clinically 

translatable site.

Materials and Methods

Microporous PLG Scaffolds

Microporous scaffolds were fabricated as previously described 32–33, 39–43. Briefly, 

microporous scaffolds were fabricated by compression molding PLG microspheres (75:25 

mol ratio d,l-lactide to glycolide) and 250–425 μm salt crystals in a 1:30 ratio of PLG 

microspheres to salt. The mixture was humidified in an incubator for 7 minutes, and then 

thoroughly mixed again. Non-layered scaffolds were compression molded with 77.5 mg of 

polymer-salt mixture; layered scaffolds were compression molded with an inner layer, 

containing exendin-4 loaded PLG microspheres sandwiched between two 38.75 mg layers 
42. Both non-layered and layered scaffolds were compression molded into cylinders 5 mm in 

diameter by 2 mm in height using a 5mm KBr die (International Crystal Labs, Garfield, NJ) 

at 1500 psi for 30 seconds. Molded constructs were gas foamed in 800 psi carbon dioxide 

for 16 hours in a pressure vessel. The vessel was depressurized at a controlled rate for 30 

minutes. On day of transplantation, scaffolds were leached in water for 1.5 hours, changing 

the water once after 1 hour. Scaffolds were sterilized by submersion in 70% ethanol for 30 

seconds, and multiple rinses with phosphate buffer solution. Scaffolds were coated with a 1 

mg/mL solution of collagen IV for 20 min. prior to cell seeding.
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In Vitro Differentiation of PSCs into Pancreatic Progenitor Cells

Pluripotent H1 PSCs (WiCEll, Madison, WI, USA), which are on the list of FDA approved 

PSC lines and previous reports have demonstrated their capacity for developing into insulin 

producing cells 16–17, 19, 44–46, were cultured in MTeSR1 media (Stem Cell Technologies, 

Vancouver, BC, Canada) on tissue culture treated plates (Corning Life Sciences, Tewksbury, 

MA, USA) over a layer of Geltrex® murine tumor basement membrane extract (Life 

Technologies/Thermo-Fisher, Waltham, MA, USA). Pluripotent cell clusters were lifted into 

a single cell suspension using Accutase (Stem Cell Technologies), and plated on Geltrex-

coated 6-well tissue culture treated plates (Corning Life Sciences), at a concentration of 

1.5*106 cells per well of a 6-well plate. The pluripotent cells were differentiated according 

to a previously established 15-day differentiation protocol 16, in which fresh growth factors 

are added fresh daily to direct differentiation through the first four stages of embryonic 

development: (1) definitive endoderm (3 days), (2) primitive gut tube (3 days), (3) posterior 

foregut (4 days), and finally (4) pancreatic endoderm and endocrine precursors (5 days). At 

the end of stage 4, differentiated cells were lifted from the plates using Accutase and seeded 

on sterilized, collagen IV coated scaffolds at a concentration of 3×106 cells/scaffold.

qRT-PCR

Gene expression of pancreatic markers was assessed to track progress through stages of 

differentiation. First, cells were pelleted and flash frozen using liquid nitrogen. RNA was 

isolated (Qiagen; Hilden, Germany) and qRT-PCR was conducted (Qiagen; Hilden, 

Germany) against key pancreatic differentiation markers, using the primers found on Table 

1. Gene expression was calculated based on fold change in comparison to house keeper gene 

GAPDH, followed by normalization to marker expression in pluripotent ESCs.

Streptozotocin Induced Diabetic Mouse Model

Male NSG mice (Jackson Laboratories, Bar Harbor, ME, USA) between 8 and 12 weeks of 

age received an intraperitoneal injection of 130 mg/kg streptozotocin 4–7 days prior to 

transplant. (Sigma Aldrich, St Louis, MO). Each day leading up to surgery, blood glucose 

levels were measured using the tail vein prick technique (Accu-chek/Roche, Basel, 

Switzerland) and body weight was recorded. The criteria to include a mouse in the study was 

the following: glucose readings above 350 mg/dL on two consecutive days leading up to 

transplant surgeries, and no more than a 20% reduction in weight since streptozotocin 

injection. A sustained release insulin pellet (LinBit, LinShin Canada, Inc., Scarborough, ON, 

Canada), containing USP grade bovine insulin, was inserted subcutaneously at time of 

surgery to assist in mouse health during engraftment of transplanted cells, and every 4 weeks 

until the end point of the study. Following surgery, glucose and body weight for each mouse 

were measured three times per week. All studies involving mice were approved by the 

University of Michigan Animal Care and Use Committee.

Transplantation of pancreatic progenitors to streptozotocin-induced diabetic NSG mice

The day before scaffold seeding, 100 mg of fibrinogen (EMD Millipore, Billerica, MA, 

USA) was dissolved in 2 ml of tris-buffered saline (TBS) at 37 °C for 2 hours. The solution 

was added to a 10,000 MW cut-off dialyzing cassette and dialyzed overnight in 1 liter of 

Kasputis et al. Page 4

ACS Biomater Sci Eng. Author manuscript; available in PMC 2019 May 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TBS. The dialyzed fibrinogen solution was estimated to be approximately 20 mg/ml, and 

this solution was diluted to 4mg/ml in TBS. On the day of surgery, stage 4 pancreatic 

progenitors were lifted from tissue culture plates using Accutase, and 3×106 cells were 

resuspended in 6 μl thrombin mix (50 U/ml thrombin, 50 mM CaCl2, in TBS). 6 ul of 4 

mg/ml fibrin solution was added to the mix, and the cell suspension was promptly added to 

semi-dried scaffolds. Mice were anesthetized with 2% isoflurane until loss of consciousness 

was confirmed by pinch reflex test. The abdominal area was shaved and sterilized with 

betadine and ethanol. An approximate 5 mm incision was made in the peritoneal wall, in the 

middle of the abdominal region, and the epididymal fat pads (EFP) were located and 

unwrapped outside of the abdominal wall. Scaffolds were wrapped within the epididymal fat 

pad, then placed back into the peritoneal cavity 47. Kidney capsule transplantation was 

adapted from a previously published report 16. 5 million cells were pelleted and suspended 

in a fibrin thrombin mix. The mix was injected into the kidney capsule. Mice were given a 

dose of 0.005 mg/gram body weight Rimadyl carprofen (Zoetis, Florham Park, NJ, USA) 

and allowed free access to food and water post operatively.

Serum Collection and Human C-peptide Analysis

Once every 4 weeks, blood serum was collected to quantify circulating human C-peptide 

levels. Mice were fasted 5 hours before blood collection. 30 minutes prior to blood 

collection, mice received an intraperitoneal injection of 2 g/kg glucose in the form of 20% 

glucose. Approximately 200 μl of blood was collected from the saphenous vein during the 

period between 30–60 minutes post glucose stimulation. Serum was collected from whole 

blood by 20 minutes of coagulation followed by centrifuging at 2000 g for 20 minutes. 

Isolated serum was analyzed for human C-peptide levels using the manufacturer’s provided 

ELISA protocol (AbCam, Cambridge, MA, USA).

Immunostaining

Immunostaining of in vitro cell differentiation was performed at stages 0 (pluripotent), 1 

(definitive endoderm), 2 (posterior foregut), and 4 (pancreatic progenitors). Cells 

differentiated in 6-well plates were fixed using 4% paraformaldehyde (Electron Microscopy 

Sciences; Hatfield, PA, U.S.A.), permeabilized using 0.5% Triton in tris-buffered saline, 

blocked using normal donkey serum, and stained for key differentiation markers at each 

stage (Oct3/4 and Sox17 for stages 0 and 1, FoxA2 and HNF4-alpha for stage 2; C-peptide, 

Nkx6.1, insulin and glucagon for stage 4) and cell nuclei were counterstained with DAPI. 

For immunohistochemical assessment of in vivo cell maturation, scaffolds were removed at 

4 and 8 weeks post-transplant. Epididymal fat pads were isolated and a majority of the fat 

sounding the scaffold was removed with forceps. Scaffolds were cryopreserved in 

isopentane cooled on dry ice, then embedded within O.C.T. embedding medium, and 

cryosectioned. Sections were stained for C-peptide, human mitochondria (HuMit), insulin, 

glucagon, and cell nuclei were counterstained with DAPI. Digital images were acquired with 

a MicroFire digital camera (Optronics, Goleta, CA) connected to an Olympus BX-41 

fluorescence microscope (Olympus, Center Valley, PA, USA). Image quantification was 

conducted using MATLAB software using an object-based colocalization analysis. DAPI+ 

cells were identified and quantified by applying Otsu’s thresholding method, the watershed 
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transform, and individual cluster thresholding. Then, each cell’s colocalization with 

immunofluorescent markers was quantified.

Statistics

All statistical analysis was conducted using Prism graphing and data analysis software 

(GraphPad Software, Inc., La Jolla, CA, USA). Values were reported as the mean ± SEM.

Results

In vitro differentiation of pancreatic progenitors and seeding on scaffolds

PSCs were cultured and differentiated in vitro to pancreatic progenitors following a 

previously established protocol by Rezania, et. al., 16–17. Pluripotent cells were stained and 

imaged for Sox17 (green) and Oct3/4 (red), 24 h. after plating, prior to the induction of 

differentiation to the definitive endoderm lineage, indicating that a population of Oct3/4 

expressing, undifferentiated pluripotent cells was obtained (Figure 1A). Three days after 

induction of differentiation to the definitive endoderm lineage, staining for Oct3/4 and 

Sox17 indicates the presence of a Sox17-expressing cell population (Fig. 1B), demonstrating 

the differentiation of pluripotent stem cells to definitive endoderm cells. Furthermore, upon 

differentiating cells to the primitive gut tube lineage (stage 2), cellular staining for FoxA2 

and Hnf4, was prevalent. Successful differentiation into pancreatic progenitors was verified 

by immunostaining for insulin and glucagon, as well as Pdx1- and Nkx2.2-expression (Fig 

1D, E). Additionally, qRT-PCR was used to quantify the expression of key factors involved 

in the differentiation from PSCs to pancreatic progenitors throughout in vitro differentiation 

(Fig. 2). The qRT-PCR results indicate the progressive increase in expression of Ngn3 and 

NeuroD, which are markers for beta-cell maturity, as well as co-expression of Pdx1 and 

Nkx6.1, which are markers of beta cell fate. Furthermore, expression of Sur1, an ATP 

channel protein, and Kir2, a calcium channel-closer, increased at stages 3 and 4, 

corresponding to the expression of insulin and glucagon.

Transplantation of PSC-derived pancreatic progenitors to epididymal fat pad

Following in vitro differentiation, the pancreatic progenitors were seeded onto collagen IV-

coated microporous PLG scaffolds (Fig. 3A) and pancreatic progenitor live/dead staining at 

1 hr after seeding indicated good cell viability (Fig. 3B) and a homogenous distribution of 

cells throughout the pores of the PLG scaffold (Fig. 3B).

Microporous PLG scaffolds seeded with pancreatic progenitors were transplanted into the 

epididymal fat pads of NSG mice (Figure 3C) 48, with transplantation under the kidney 

capsule serving as a control. The function of these transplanted cells was assessed through 

blood glucose and human C-peptide measurements in serum (Figure 4A, B, C). Blood 

glucose levels for the kidney capsule transplant cohort stabilized (between approx. 100–250 

mg/dL) upon administration of insulin pellets at week 4. In contrast, mice receiving 

pancreatic progenitors seeded to PLG scaffolds had high glucose levels (approx. 400–600 

mg/dL) that were statistically different from mice transplanted with pancreatic progenitors 

under the kidney capsule, despite the presence of insulin pellets in both cohorts (Figure 4A). 

The concentration of human C-peptide in serum, which was 10.6–fold greater (n.s. 
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alpha=0.05) for cells transplanted into the kidney capsule compared to cells transplanted on 

the PLG scaffolds into the peritoneal fat at 4 weeks. At week 8, C-peptide production for 

cells within the kidney capsule decreased and is not significantly different (n.s. alpha=0.05) 

relative to the cells transplanted on PLG within the epidiymal fat pads. Cellular co-

localization of both human mitochondria and C-peptide at week 4 (Figure 4D), indicates that 

human cells are present within the scaffold, but producing very small amounts of C-peptide, 

which reflects the measurement of C-peptide at week 4 (Figure 4C). Image analysis of 

insulin and glucagon producing cells indicates no significant differences between insulin, 

glucagon, and polyhormonal cells (insulin and glucagon producing cells) at week 4 and 

glucagon producing cells were significantly greater (p<0.01) than insulin producing and 

polyhormonal cells at week 8 (Figure 5).

Exendin-4 delivery from scaffold enhances pancreatic progenitor function

We subsequently investigated the localized delivery of trophic factors from scaffolds as a 

means to enhance maturation and function of the transplanted pancreatic progenitors. Blood 

glucose levels of mice transplanted with scaffolds containing exendin-4 were statistically 

similar to blood glucose levels of mice transplanted with pancreatic progenitors under the 

kidney capsule (n.s. alpha=0.05, Figure 4B). Average measurements of serum C-peptide for 

cells transplanted on exendin-4 containing scaffolds to the fat pad were 15.7-fold greater 

relative to cells transplanted on blank PLG scaffolds to the fat pad (p<0.01) and 1.5-fold 

greater relative to cell transplantation to the kidney capsule (n.s. alpha=0.05) (Figure 4C). 

Cellular co-localization of both human mitochondria and C-peptide at week 4 (Figure 4E), 

indicates that human cells are present within the scaffold and producing C-peptide. 

Furthermore, image analysis indicates that the presence of insulin producing cells was 

significantly greater than glucagon producing and polyhormonal cells at weeks 4 (p<0.0001) 

and 8 (p<0.01) (Figure 6).

Discussion

Allogeneic islet transplantation for the treatment of T1D is a therapy in which donor islets 

are infused intrahepatically, which has led to the transient reversal of diabetes. However, 

allogenic transplantation has several therapeutic limitations, which include a shortage of 

donor islets, long-term immunosuppression, and high risk of tissue rejection. All of these 

limitations have led to the investigation of embryonic or induced pluripotent stem cells as an 

unlimited source of functional β-cells. Successful differentiation into pancreatic progenitors 

was verified by immunostaining for insulin- and glucagon-producing cells as well as Pdx1- 

and Nkx2.2-expressing cells (Fig 1D, E) and indicate the differentiation of PSCs into 

pancreatic progenitors that have the potential to mature into β-cells, as shown by the 

presence of both Pdx1 and Nkx2.2, as well as the presence of insulin-producing cells. The 

qRT-PCR results suggest differentiation into pancreatic progenitors, as evidenced by 

significant upregulation in expression of markers for pancreatic tissue between stages 0 and 

4 of differentiation and analogous to values in a previously reported study by Rezania, et.al., 

2012 16. More recently, protocols have been developed for the differentiation of PSCs to 

stage 6 or 7 immature β-cells in vitro 18, 21, 26, 30. For both pancreatic progenitors or later 

stage immature β-cells, further maturation is necessary following transplantation 26, with 
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instructive cues being provided by the in vivo environment. Biomaterial platforms provide 

the opportunity to facilitate the organization of cells into structures, or provide cues, that can 

enhance the in vivo maturation and ultimately function.

Microporous scaffolds were employed for transplantation of the cells at a clinically 

translatable site, which provides for integration with the host tissue similar to kidney capsule 

transplants, yet distinct from the isolation of cells from the host obtained with encapsulation 

systems. Transplantation of progenitor cells into the kidney capsule has been the primary 

method by which these cells are able to survive, mature, and ultimately normalize blood 

glucose levels 16, 18, 21. For translational purposes, studies have been investigating extra-

renal sites, as well as extrahepatic sites in order to avoid the instant blood mediated 

inflammatory reaction 49 and may enable retrieval of the cells should it become necessary. 

Herein, we employed the epididymal fat pad, which has similar properties as the omentum 

that has emerged as a leading candidate for clinical trials. The peritoneal fat is a relatively 

large tissue that could accommodate a volume of transplanted cells or, more likely, devices 

such as cell pouches and scaffolds that contain the transplanted cells 49–50. The integration 

of the host tissue with the transplanted cells offers the potential to vascularize the cells, 

which provides the opportunity to sense blood glucose and distribute insulin. However, our 

results indicated that the cells did not produce C-peptide at levels comparable to the kidney 

capsule, which suggests that the host tissue interactions in the peritoneal fat did not readily 

support the maturation and function of the transplanted cells. Additionally, blood glucose 

levels measured between the two cohorts of mice suggested that transplantation of 

pancreatic progenitors into epididymal fat site was less effective at supporting β-cell 

function relative to transplantation under the kidney capsule.

Modulation of the local environment has the potential to augment the endogenous properties 

of the transplant microenvironment to enhance differentiation of maturing pancreatic 

progenitors towards the mature β-cell fate 4, 28–29. In a previous investigation using 

microporous PLG scaffolds for human islet transplantation to diabetic murine models 
31–33, 40–42, the trophic factor exendin-4 was delivered as a means to enhance the glucose 

stimulated insulin secretion from the transplanted islets. The localized release of exendin-4 

was applied herein to influence pancreatic progenitor survival and differentiation following 

transplantation. exendin-4 has also been previously reported to enhance the differentiation of 

mouse embryonic stem cells to insulin-producing β-cells, primarily by upregulating 

Neurod1 and Glut2 gene expression 37–38.

We report that modifying this post-transplant microenvironment by sustained, localized 

delivery of exendin-4 was found to significantly enhance the survival and differentiation of 

the pancreatic progenitors when transplanted to a clinically translatable site – the peritoneal 

fat (epididymal fat pads). The studies herein employed scaffolds coated with collagen IV as 

a means to support and enhance the survival and maturation of pluripotent cells since 

previous reports have demonstrated that ECM proteins, such as collagen IV and laminin, are 

key components of the pancreatic basement membrane that are necessary for maintaining 

islet morphology as well as enhancing β-cell proliferation and insulin gene expression 51–52. 

This investigation demonstrated that exendin-4 release to transplanted pancreatic progenitors 

significantly increased C-peptide production relative to blank control scaffolds (0.6 ± 0.1 
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ng/mL C-peptide in mice with exendin-4 and 0.3 ± 0.1 ng/mL in mice containing blank 

control scaffolds; p<0.05). Also, the percentage of insulin producing cells in scaffolds 

releasing exendin-4 was 4–5 fold greater than glucagon producing and polyhormonal cells 

and significantly greater than the percentage of insulin producing cells in scaffolds without 

exendin-4, where insulin producing cell percentage was not significantly greater than 

glucagon producing and polyhormonal cells. These results support the potential of exendin-4 

to enhance the in vivo maturation of the progenitor cells toward mature β-cells.

Conclusions

These studies investigated microporous PLG scaffolds and their ability to modulate the 

microenvironment to promote the in vivo maturation of human PSC derived pancreatic 

progenitors, with a long-term goal to develop scaffolds that support engraftment and 

function of immature β-cells at clinically translatable, extrahepatic sites. Transplantation of 

the progenitor cells into the peritoneal fat did not support maturation and function at levels 

observed in the kidney capsule. We hypothesized that sustained release of a trophic factor 

into the microenvironment that has been reported to enhance maturation would enhance the 

function of the transplanted cells in the peritoneal fat. The localized, sustained delivery of 

exendin-4 promoted the in vivo development of PSC derived pancreatic progenitors into 

mature insulin producing beta-cells, with levels of C-peptide comparable to cell transplanted 

under the kidney capsule, improved glycemic control compared to cells transplanted on 

scaffolds without exendin-4, and significantly greater percentages of insulin producing cells 

compared to glucagon and polyhormonal cells 4 and 8 weeks following transplantation. 

These studies demonstrate that modification of the microenvironment with a locally 

delivered trophic factor can enhance the function of transplanted progenitor cells, which may 

be a component of the system for the transplantation of progenitor cells that will ultimately 

restore euglycemia in patients with Type 1 diabetes.
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Figure 1. In vitro differentiation of PSCs to pancreatic progenitor cells
H1 pluripotent PSCs were seeded to Matrigel-coated 6-well plates at a density of 1.5 million 

cells per well and pluripotent cells were imaged for sox17 (green) and oct3/4 (red) prior to 

beginning the differentiation (A), definitive endoderm cells were imaged for sox17 (green) 

and oct3/4 (red) following stage 1 of the differentiation (B), primitive gut tube cells were 

imaged for FoxA2 (green) and Hnf4 (red) (C), and pancreatic progenitor cells were stained 

for insulin (green) and Nkx2.2 (red) (D) as well as Pdx1 (green) and glucagon (red) (E) 

following the fourth stage of differentiation. All cells were counterstained with DAPI (blue). 

Scale bars for all images = 200 μm.
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Figure 2. 
qRT-PCR of in vitro differentiation of human PSC derived pancreatic progenitors.
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Figure 3. 
Microporous PLG scaffold morphology (A) and live/dead stain of seeded pancreatic 

progenitors (B). Schematic of experimental workflow (C). PSCs were differentiated in vitro 

to pancreatic progenitors, then seeded to either microporous PLG scaffolds without 

exendin-4 or to scaffolds containing an encapsulated exendin-4 microparticles within an 

inner layer disk. Scaffolds were subsequently transplanted to the epididymal fat pads of 

STZ-treated, diabetic NSG mice.
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Figure 4. 
Blood glucose measurements of mice transplanted with pancreatic progenitor cells, seeded 

to blank PLG scaffolds or transplantation of cells under the kidney capsule (A, arrow 

indicates administration of insulin pellet). Blood glucose measurements of mice transplanted 

with pancreatic progenitors seeded to PLG scaffolds containing exendin-4 or transplantation 

of cells under the kidney capsule (B, arrow indicates administration of insulin pellet). 

Human C-peptide in serum for a cohort of mice receiving macroporous nonlayered PLG 

scaffolds containing PSC-derived pancreatic progenitors (n=4), a cohort of mice receiving 

layered PLG scaffolds containing exendin-4 (n-4), and a cohort of mice transplanted with 

PSC-derived pancreatic progenitors under the kidney capsule (n=4) (C). Histology of a blank 

scaffold (D) and exendin-4 layered scaffold (E) removed at week 4, stained for c-peptide 

(green), human mitochondria (red), and counterstained with DAPI (blue). All values 

reported as the average +/− standard error; * indicates p<0.05, ** indicates p<0.01, † 

indicates p<0.05 difference between week 4 and week 8 among a cohort of mice. Arrows on 

images (D and E) indicate regions of C-peptide/human mitochondria co-expression. All 

scale bars for images D&E = 100 μm.
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Figure 5. 
Image quantification of monohormonal insulin producing cells and polyhormonal insulin/

glucagon producing cells for blank scaffolds at weeks 4 and 8 (A). Histology of blank 

layered scaffolds (B,C) removed at weeks 4 and 8, stained for insulin (green), glucagon 

(red), and counterstained with DAPI (blue). All values reported as the average +/− standard 

error; ** indicates p<0.01. Arrows indicate regions of monohormonal insulin production. 

Scale bars = 200 μm
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Figure 6. 
Image quantification of monohormonal insulin producing cells and polyhormonal insulin/

glucagon producing cells for exendin-4 layered scaffolds at weeks 4 and 8 (A). Histology of 

exendin-4 layered scaffolds (B,C) removed at weeks 4 and 8, stained for insulin (green), 

glucagon (red), and counterstained with DAPI (blue). All values reported as the average +/− 

standard error; ** indicates p<0.01; **** indicates p<0.0001. Arrows indicate regions of 

monohormonal insulin production. Scale bars = 200 μm.
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Table 1

Primers of pancreatic differentiation markers used for qRT-PCR

Gene Primer Sequence (5′ to 3′)

KIR2 Forward AAGGAGATGACCAGCCTCAG

KIR2 Reverse GCCCACGAAAGTTATGAGGA

SUR1 Forward AAGGAGATGACCAGCCTCAG

SUR1 Reverse GCCCACGAAAGTTATGAGGA

PDX1 Forward CCTTTCCCATGGATGAAGTC

PDX1 Reverse CGTCCGCTTGTTCTCCTC

NKX6.1 Forward GGGGATGACAGAGAGTCAGG

NKX6.1 Reverse CGAGTCCTGCTTCTTCTTGG

MAFA Forward GAGAGCGAGAAGTGCCAACT

MAFA Reverse TTCTCCTTGTACAGGTCCCG

Insulin Forward TTCTACACACCCAAGACCCG

Insulin Reverse CAATGCCACGCTTCTGC

Glucagon Forward TGCTCTCTCTTCACCTGCTCT

Glucagon Reverse AGCTGCCTTGTACCAGCATT
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