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Abstract

In vitro studies in pancreatic islets has reported that extracellular matrix 

(ECM) molecules have several functions including provision of mechanical 

support and lesser susceptibility for cytokine stress. In the present study 

we investigate the effects of collagen IV and either RGD, LRE, PDSGR 

inclusion on allogenic mice-islet grafts in immunoisolating capsules in vivo. 

Bioluminescent-islets in capsules containing collagen IV and either RGD, 

LRE, PDSGR were implanted on the back of nude-mice streptozotocin 

diabetic recipients. Capsule grafts were scanned for bioluminescence every 

two weeks for a period of 8 weeks. After 8 weeks of implantation islet-grafts 

were retrieved for ex vivo evaluation of glucose stimulated insulin secretion 

(GSIS), oxygen consumption rates (OCR) and a study on differentially 

regulated genes in the islets to determine the impact and specificity of the 

ECM supplementation on islet function. Interaction with collagen IV-RGD 

promoted the most pronounced effects as it enhanced OCR (p<0.05) and the 

GSIS. Moreover, effects of collagen IV-LRE and collagen IV-PDSGR are 

observed mostly on a gene level.  Our results demonstrate that inclusion of 

ECM combinations improved the islet capsule graft functional survival and 

regulated 12 genes in an ECM dependent fashion.

Keywords: Bioluminescence, ECM, capsule grafts, gene expression.
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Introduction 
Extracellular matrix (ECM) molecules are responsible for maintenance of 

organ-structures and biochemical support [1]. The ECM composition varies 

per multicellular structure within an organ, to adapt to the organ’s specific 

biological needs [2]. ECM has been shown to be involved in regulation of 

fundamental processes including embryonic development and adult tissue 

homeostasis [3]. Disturbances in ECM composition may contribute to the 

pathogenesis of diseases as demonstrated in fibrosis and in tumor development 

[3-6]. Also, in the pancreas ECM has been shown to be essential for function 

and survival of different cell types including the insulin producing b-cell [7]. 

Pancreatic islets have an extensive network of ECM molecules and structural 

disturbances may impair insulin production [8, 9].

 In islet transplantation for the cure of diabetes, ECM may be a factor in 

limited survival of islets [10-12]. During isolation of islets from the pancreas, 

ECM molecules are damaged or destroyed by enzymes that are infused into 

the pancreas to disconnect the exocrine-tissue from the endocrine tissue [13]. 

This breakdown of ECM connections between exocrine-endocrine tissue is 

not restricted to these islet-exocrine interface but also affects ECM molecules 

in the endocrine tissue [13, 14]. Many ECM molecules that surround the islets 

and interconnect the endocrine cells have been reported to be damaged after 

islet isolation [7, 13] which impacting islet-function [10, 12]. 

 Recently, we have shown that specific types of ECM molecules may 

benefit the fate of islets after transplantation in immunoisolating microcapsules. 

Especially collagen IV and specific laminin sequences such as RGD, LRE, 

PDSGR had a positive effect on glucose induced insulin release of islets in 

vitro. Other ECM molecules were ineffective or even damaging in certain 

concentrations [10-12, 15]. These same ECM-molecules were also effective 

in reducing cytokine-mediated cell death in islet-cells. All combinations of 
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collagen IV with either RGD, LRE, PDSGR improved islet-cell survival and 

reduced necrosis and apoptosis after IL-1β, IFN-γ, and TNF-α exposure [8]. 

However, there were also laminin specific effects. Collagen IV-RGD and 

collagen IV-LRE reduced danger-associated molecular patterns (DAMPs) 

release from islets while PDSGR was ineffective. Moreover, oxygen 

consumption rate of islets was only beneficially influenced by collagen IV-

RGD and collagen IV-PDSGR and to a lesser extent by LRE inclusion [8, 

10]. These in vitro studies demonstrated that inclusion of ECM may benefit 

isolated islets but that effects are very specific for the type of ECM included. 

Whether the effects have any impact on islet function in vivo is unknown and 

subject of this study.

 Here we tested the effects of inclusion of collagen IV and either RGD, 

LRE, PDGRS on functional survival on allogenic mice-islet grafts in immune-

isolating capsules in vivo. To be able to study the fate of the islets in capsules 

supplemented with ECM in the same animal at several time points we used 

islets from bioluminescent-mice donors. Islets in capsules containing collagen 

IV and either RGD, LRE, PDSGR were implanted on the back of the mice to 

allow scanning of the bioluminescence. After 8 weeks of implantation islet-

grafts were retrieved for ex vivo evaluation of glucose induced insulin release, 

oxygen consumption rates and a study on differentially regulated genes in the 

islets to determine the impact and specificity of the ECM supplementation on 

islet function.

Material and Methods

Experimental design 

Athymic nude mice (Crl:NU(NCr)-Foxn1nu) without an adaptive immune 

response, to prevent response against implanted islets, were used to test the 

efficacy of our subcutaneously implanted capsule grafts. Mice were made 
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diabetic with streptozotocin. Capsule grafts were prepared with active ECM 

molecules. The active ECM molecule mix; 50 µg/ml collagen IV, 0.01 

mM RGD, 1mM LRE, and 0.01mM PDSGR, synthesized by GenScript 

Corporation (Piscataway, USA) were prepare as described before in previous 

in vitro studies [8, 10]. To determine the efficacy of the ECM capsule graft, four 

dosages of 300 islet capsules per mouse were transplanted subcutaneously. 

Mice received an islet capsule grafts without any extracellular matrices which 

served as control. The percentage of animals becoming normoglycemic, and 

the duration of this stage were used as measure for efficacy. Non-fasting blood 

glucose levels were measured weekly and at eight weeks after transplantation, 

islet capsule grafts were remove. The efficacy of the capsules grafts was 

tracked by in vivo bioluminescence during eight weeks after addition of ECM 

combinations (Figure 1).

Ex vivo experiments based on islets capsule grafts were conducted to determine 

functional effects by subjecting islet capsules to a glucose-stimulated insulin 

secretion (GSIS), oxygen consumption rate (OCR), and histological analysis 

immediately after graft explantation.
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Animals 

Male MIP-Luc-VU mice (FVB/N-Tg(Ins1-luc)VUPwrs/J, Jackson Laboratory, 

Maine, USA) served as islet donors. It was bred in our own facility. Male 

athymic nude mice (Crl:NU(NCr)-Foxn1nu) obtained from Charles River 

(Wilmington, USA) were used as transplant recipients. Animals were housed 

at the central animal facility (CDP) and maintained under 12-hour light/dark 

cycles with ad libitum access to water and standard chow. All experiments 

were approved by both the local animal ethical committee of the university of 

Groningen and the national ethical commission for experimental animal use. 

Diabetes induction

Diabetes was induced in athymic nude mice (males, 8 weeks of age) by a 

single intraperitoneal (IP) injection of streptozotocin (STZ, 180 mg/kg, in 0.1 

M citrate buffer, pH 4.5). Blood glucose measurements were obtained using 

tail vein blood measured with an Accu-chek glucose meter (Ascensia Contour, 

Bayer, NJ, USA) and glucose test tapes (Contour, Bayer, Switzerland). If 

diabetes was not established (blood glucose levels > 30 mM) within 1 week, a 

second dose of streptozotocin at 200 mg/kg was given. Mice were monitored 

every two days for their glycemic state and weight loss due to diabetes 

induction. 

Genotyping

The MIP-Luc-VU line were genotyped on tissue obtaining by an ear 

punch. DNA extraction was perform using the prepGEM® Tissue kit 

(ZyGEM™, Southampton, UK). The genotype and copy number of 

the transgene was determined by PCR. The primer sequence for the 

luciferase gene were 5’-GAATGTCCGTTCGGTTGGCAGAAGC-3’ 

and 5’-CCAAAACCGTGATGGAATGGAACAACA-3’ and 
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for the control, 5’-CAATGTTGCTTGTCTGGTG-3’ and 

5’-GTCAGTCGAGTGCACAGTT-3’. Female hemozygous mice were bred 

with wildtype siblings or with FVB/NJ. 

Islet isolation 

Male MIP-Luc-VU mice were used as a donor of bioluminescent islets. 

To dissect the islet-containing pancreas, laparotomy was performed under 

general anesthesia using isoflurane and oxygen. Subsequently the ductus was 

cannulated just above the pancreas. The pancreas was distended by injecting 

2 ml collagenase solution (1 mg/ml) in Krebs-Ringer-HEPES buffer (KRH) 

containing 25 mM HEPES and 10% (w/v) fetal calf serum (FCS). Islets were 

isolated by dissection of the splenic portion of the pancreas as previously 

described [16]. Islets were washed three times with CMRL 1066 media 

culture before culturing and/or microencapsulation.

Microencapsulation and incorporation of extracellular matrix 

The applied laminin sequences were obtained from GenScript (NJ, USA); 

0.01 mM RGD, 1 mM LRE, 0.01 mM PDSGR. The laminin sequences were 

combined with 50 µg/ml collagen type IV (Sigma, the Netherlands) and mixed 

with appropriate amounts of an 3.4% purified alginate solution. After gelation 

the laminin and collagen fibers are entrapped within the alginate network as 

previously described [8, 10]. The alginate applied was purified and tested for 

absence of endotoxins or pathogen associated molecular patterns as described 

[17, 18]. The same alginate without ECM served as control. The alginate 

solution was converted into droplets with an electrostatic droplet-generator 

[17, 19, 20]. Droplets were gelled in 100 mM CaCl2 solution for at least 10 

min to allow complete gelification. The droplets had a final diameter between 

500-600 µm. All droplets were washed with KRH buffer containing 2.5 
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mM CaCl2 for 2 min. Subsequently, the encapsulated islets were cultured or 

stored in CMRL 1066 (Gibco, USA) supplemented with 8.3 mM D-glucose, 

penicillin/streptomycin (1%) (Gibco, USA), and 10% fetal calf serum (FCS) 

(Gibco, USA) at 37 °C, 5% CO2 before implantation. After encapsulation, 

capsules were inspected under the microscope and those with imperfections 

or that were broken were discarded. Before implantation 300 islet-containing 

capsules were handpicked under the microscope.

Islet transplantation and explantation

Transplantation was performed under general anesthesia with isoflurane. 

Four pockets were created on the back of nude mice recipients (male, 8 weeks 

of age) by funneling with a blunt surgical probe underneath the skin via an 

incision of 3 mm.  At least 3 cm space was kept in between the pockets to 

avoid floating of the capsules into neighboring pockets. Subsequently, the 

microcapsules suspended in 0.5 ml of KRH were gently injected via a syringe 

connected to a 16-G blunt cannula. The grafts contained at least 300 capsules 

per group. Experimental encapsulated islets with ECM were circulated at the 

back to avoid that a specific group was always studied at the same location at 

the back of the mice. So, all groups were studied at least one time at the lower 

left, right back and the upper left and right pocket at the back. There were no 

differences in outcome per experimental group at the different locations.

During 8 weeks of follow up of the mice, non-fasting blood 

glucose levels were measures twice a week. Animals were considered to be 

normoglycemic when non-fasting blood glucose levels were below 15mM. 

After 8 weeks, mice were euthanized by a blunt incision through the heart and 

the capsule graft were removed for further analysis. 
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Bioluminescence Imaging 

All bioluminescence imaging (BLI) was performed using an IVIS 200 SSD 

camera (Xenogen/caliper Alameda, CA) as previously described [21]. BLI of 

the grafts was performed at 1, 2, 4 and 8 weeks. Mice were anesthetized with 

isoflurane (1.5% in 98.5% 02). Subsequently, the substrate D-luciferin was 

injected subcutaneously at a saturating dose of 150 mg/kg (body weight). Mice 

were placed in the prone orientation. Serial 1-min exposures were applied 

to generate bioluminescence images. Before starting the experiments, the 

settings were calibrated on full MIP-Luc-VU mice and on isolated islets. We 

confirmed that 300 islets were sufficient to study the fate of bioluminescence 

after implantation under the skin. Below 30 islets we were not able to find any 

reliable signal under the skin. 

 To ensure peak bioluminescence was captured, Images used 

for quantification was taken from approximately 3 min post luciferin 

administration to 20 min post injection. A 1-msec background image 

(shutter closed) was taken prior to each bioluminescence image. Background 

subtraction was performed on all images. Bioluminescence intensity was 

analyzed using Living Image 4.3 software (PerkinElmer) specialized for IVIS 

system. To quantify emitted light, regions of equal area were drawn around 

the region of interest (ROI), and maximum photons/sec/cm2/steradian were 

determined as previously described [22]. The data shown are the averages of 

three maximum ROI values over the scanning period.

Histology

At 8 weeks after transplantation, the capsules were harvested for histological 

study or for studying regulation of gene transcription induced by ECM in 

islets by transcriptomics. 

For histological study, islets capsules were fixated in pre-cooled 2% 
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paraformaldehyde and embedded in glycol methacrylate (GMA, Technovit 

8100, Germany). The biopsies were fixated with hematoxylin to qualify the 

degree of cellular overgrowth. The GMA embedded capsules were sectioned 

at 2 µm ad processed for insulin staining. Briefly, sections were dried at 37oC 

and incubated with 0.01% trypsin (6.8 mM 0.1% CaCl2 and 0.1M Tris-HCl, 

pH 7.8) for 10 min at 37°C. The sections were incubated with an anti-mouse 

insulin antibody (Cell signaling 4590s, 1:100 in PBS + 1% BSA) for 2 hours 

at 37°C. Nonspecific binding was blocked by a 5-minute incubation with 10% 

normal goat serum. A rabbit anti-mouse alkaline phosphatase conjugated 

secondary antibody (Dako, heverlee, Belgium); 1:100 in PBS + 1% BSA) 

was applied for 45 min. Alkaline phosphatase activity was demonstrated by 

incubating the sections for 10 minutes with SIGMAFAST Fast Red (Sigma-

Aldrich). A short incubation with hematoxylin was used as counterstain.

Ex-vivo glucose-induced insulin secretion

After retrieval from the implantation site, islets were tested for the capacity to 

secrete insulin upon a glucose challenge. To this end, encapsulated islets (25 

islets) were preincubated for 1.5 hours in 2 ml Krebs-Ringer HEPES (KRH), 

gassed with 95% O2 and 5% CO2, containing 0.25% BSA, and 2.75 mM 

glucose. The incubations were performed in an incubator at a stirring rate of 

120 cycles/min at 37°C. The quantitative insulin secretion was then assessed 

by three consecutive incubations in (i) low glucose concentration solution in 

KRH (2.75 mM) for 1 h, (ii) high glucose concentration buffer in KRH (16.5 

mM) for 1 h, and (iii) another 1 h incubation in 2.75 mM glucose in KRH. 

At the end of each incubation, media were removed and frozen for insulin 

measurement via Enzyme-Linked Immunosorbent Assay (ELISA) (Mercodia 

AB, Sweden) using a spectrophotometric plate reader as described previously 

[19]. Finally, insulin concentrations were calculated through the interpolation 
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of sample absorbance values from the standard curves. DNA content of 

islets was quantified with a fluorescent Quant-iT PicoGreen double-strand 

DNA (dsDNA) assay kit (Invitrogen, United States). The insulin secretory 

responses were expressed as nanogram of insulin.ml-1. μgDNA-1. hour-1.

Oxygen consumption rate 

The oxygen consumption rate (OCR) was measured in islets using the 

extracellular flux analyzer XF24 (Seahorse Bioscience, USA), as previously 

described in detail [10, 23]. This was done after removal of the alginate 

capsule with 25 mM citrate solution at 37°C as alginate interferes with the 

measurements. Between 80-100 islets per condition were incubated overnight 

in CMRL 1066 (Gibco, USA) with 8.3 mM D-glucose, penicillin/streptomycin 

(1%) (Gibco, USA), and 10% fetal calf serum (FCS) (Gibco, USA) at 37°C. 

After a washing step, islets were prepared for analysis and equilibrating 

in modified Seahorse XF assay medium (MA media; pH 7.4) at 37°C, 

supplemented with 3 mM glucose, and 1% FCS. Islets were subsequently 

plated by pipetting the islets into the wells together with 500 µl of MA media. 

Four wells were kept as blank, empty controls. To avoid bubble formation in 

the screen-net in the XF sensor cartridge, screens were pre-wetted with MA 

media. The plates were then incubated for 60 minutes at 37°C before it was 

loaded into the XF24 machine. The assay test-reagents were added at either 

60, and 130 minutes. The test reagents were either glucose (16.7 mM final) or 

the mitochondrial inhibitor oligomycin (5 μM). All reagents were adjusted to 

pH 7.4. Baseline rates were measured at 37°C five times before sequentially 

injecting glucose (16.7 mM) or mitochondrial inhibitors-oligomycin (5 μM). 

After the addition of each reagent, five readings were taken. To adjust for the 

variation in islets number OCR, each individual well was normalized with 

basal conditions. An initial drift in OCR was typically observed in the first 
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1–2 measurements until steady state was reached. 

RNA isolation

Total RNA was isolated as reported previously [24]. Total RNA was quantified 

with the Nano-drop® ND-1000 Spectrophotometer (Thermo Scientific, 

Wilmington, DE, USA) at OD260 nm and the purity was expressed with 

OD260 nm / OD280 nm. The quality and integrity of the RNA was confirmed 

on a 1 % agarose gel and visualizing the 18S and 28S bands with glyxol 

dye. Total RNA was used to synthesize cDNA according to manufacturer’s 

instructions (BioRad iScript™ cDNA Synthesis kit ref). Incubation in a PCR 

block (MyCycles™ thermal cycler, Biorad) followed the program: 5 min at 

25⁰C; 30 min at 42⁰C; 5 min at 85⁰C. The resultant single-strained cDNA was 

diluted in 40 µL of Nuclease free Milli-Q water, a pool of all samples was 

diluted in 20 µL to be used as standards, and they were all stored at -20⁰C 

until further use.

Microarray analysis

RNA of islets were hybridized to Affymetrix Mice Gene 1.1 ST arrays according 

to standard Affymetrix protocols as described previously [24]. Quality control 

of the datasets was performed using Bioconductor packages [25] integrated 

in an on-line pipeline [26]. Four grafts per treatment were processed but two 

were used for final analysis. Array data were normalized using the Robust 

Multiarray Average (RMA) M-estimator method [27, 28], probe sets were 

defined according to Dai et al. [29]. Furthermore, universal expression code 

analysis was performed [30], which is a standardized score used to describe 

an active/inactive state of a gene in a sample. The Bioconductor UPC package 

was used to assign a score to each gene in each array. Cells were considered to 

have the potential to express a gene if that gene had a UPC value greater than 
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0.5 in at least one array [31]. To identify differential gene expression induced 

by collagen IV + 0.01 mM RGD, collagen IV + 1 mM LRE, and collagen IV + 

0.01 mM PDSGR after 8 weeks exposure in the subcutaneous site of mice we 

applied paired-wise comparison analyses (treatment versus control i.e. islets 

in capsules without ECM) and genes with a LIMMA raw p-value <0.05 were 

selected for further data analyses.

 To gain insight into the biological role of the genes which were 

differently expressed in islets treated with ECM, we performed Ingenuity 

Pathway Analysis (IPA) (Ingenuity System). As described previously [32], 

IPA uses a comprehensive expert-curated repository of biological interactions 

and functional annotations that follow the gene ontology (GO) annotation 

principle. GO annotations are used by ingenuity in order to investigate, 

among others, overrepresented biological functions. The IPA output includes 

biological functions and signaling pathways with statistical assessment of the 

significance of their representation based on Fisher’s Exact Test. Here, this test 

calculates the probability that genes participate in a given biological function 

relative to their occurrence in all other biological function annotations.

Statistical Analysis

Data was carried out in GraphPad Prism (version 6.0; GraphPad Software, 

Inc., La Jolla, USA). A Shapiro-Wilk normality test was performed to test 

the data for normality. In the case of parametric distribution, a t-tests was 

performed, and data were expressed as mean + SEM. P-values < 0.05 were 

considered significant. 
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Results
Restoration of blood glucose levels immediate following transplantation

The three experimental groups were MIP-Luc-VU mice islets encapsulated 

in alginate-capsules supplemented either with collagen IV + 0.01 mM RGD, 

collagen IV + 1 mM LRE, collagen IV + 0.01 mM PDSGR. The fate of 

the islets in the different experimental groups were studied under the skin 

of athymic mice (Crl:NU(NCr)-Foxn1nu). The three experimental groups 

of 300 islets per group and a control were implanted subcutaneously (n = 

5) in diabetic mice recipients. Normoglycemia after transplantation was 

defined as blood glucose levels below 15mM. Recipients of capsules became 

normoglycemic within 7.8 ± 4.4 days (Figure 2). Some animals remained 

fluctuating in blood glucose, but levels gradually decreased during the study 

period to levels below 10 mM after 40 days of implantation under the skin.
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Figure 2. Blood glucose concentration of diabetic nude mice transplanted 
subcutaneously with 1200 alginate encapsulated islets. Glucose values were 
measured two times per week after transplantation of microencapsulated MIP-Luc-
VU mice islets in streptozotocine diabetic nude mice. Data are expressed as mean ± 
SEM.
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Bioluminescence of grafts

After subcutaneous graft implantation into Crl:NU(NCr)-Foxn1nu mice, 

bioluminescence was studied at week 1, 2, 4 and 8. Before starting 

the implantation study we confirmed that we could reliably measure 

bioluminescence of subcutaneous grafts in the range of 50-300 islets. We 

could find a signal in this range but decided to take 300 islets as the minimum 

graft size for imaging to allow scanning in a broad range of islet-mass. Figure 

3A, shows a representative picture of mice at respectively 1, 2, 4 and 8 weeks 

post-implantation. After luciferin injection, in vivo bioluminescence peaked 

at 5 to 20 min, and could be reassessed repeatedly for more than 2 months in 

the same animal. Background was minimal to absent.

 Figure 3B shows the luciferase activity in the grafts in a quantitative 

fashion. No enhancing effects were observed on luciferase activity at 1 and 2 

weeks after implantation but at four weeks we found a clear enhancing effect 

of the ECM on luciferase activity in the grafts. Capsule grafts supplied with 

collagen IV-RGD and collagen IV-PDSGR enhance bioluminescence 4 and 

2.5 times-fold respectively, however, it did not reach statistical significant 

difference. In general luciferase activity varied strongly despite repeated 

measurements in the same animal. These differences were not visible anymore 

at 8 weeks postimplant.
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Figure 3. Representative images of diabetic nude mice ((Crl:NU(NCr)-Foxn1nu) 
after islet capsule graft transplantation. Each image was optimally adjusted using 
Living Image software to avoid the difference in luminescence from the capsule 
graft showing images with the same longitudinal photon scale (A). Luciferase 
bioluminescence intensity at 1, 2, 4 and 8 weeks after implantation of alginate 
encapsulated MIP-Luc-VU mice islets in the subcutaneous side. Data shown are 
the average maximum photons/sec/cm2/steradian ± SEM from mouse islets capsule 
graft (n = 5). 
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Explantation and integrity of the graft

At the end of the bioluminescence experiments, animals were sacrificed after 

which the capsules were retrieved. Both macroscopically and microscopically 

we found no signs of inflammation or coverage of the capsule surfaces by 

fibroblasts or inflammatory cells. Incidentally, a capsule was found that 

contained fibrosis. This was often in or around local imperfections such as 

near protrusion of cells [33, 34]. We screened in the graft and the surrounding 

tissue for presence of multinucleated giant cells and granulocyte invasion [35, 

36] as signs of a foreign body response but this was never found. Islets in the 

capsules were vital and contained insulin (Figure 4). Capsules without cell 

adhesion were processed for ex vivo evaluation and transcriptomics.

Figure 4.  MIP-Luc-VU islets in alginate capsule containing collagen IV with RGD 
0.01 mM explanted 8 weeks after subcutaneous transplantation. Encapsulated islets 
were stained for insulin (2 µm GMA-embedded sections stained for insulin and 
counterstained with hematoxylin). Membrane of alginate capsule (M) without any 
inflammatory cell adhesion, islets (I), insulin (ins). (Magnification 20x).
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ECM capsule graft improves insulin releases and islet-cell viability ex 

vivo

To study whether addition of selected combinations of ECM molecules to the 

intracapsular environment impacted islet function ex vivo, we subjected islet-

containing capsules immediately after explantation to glucose stimulated 

insulin secretion (GSIS) and oxygen consumption rate (OCR) to confirm 

viability and function. A higher oxygen consumption rate reflects a better 

function and is correlated with a higher success rate of islets after implantation 

[37, 38].

 GSIS of explanted islets was always higher in islets encapsulated in 

alginate matrices supplemented with 50 µg/ml collagen type IV with either 

0.01 mM RGD, 1 mM LRE, or 0.01 mM PDSGR. However, it never reached 

statistical significance (Figure 5A). Stimulation indexes of capsules grafts 

were also calculated, and grafts supplemented with collagen VI + 0.01 mM 

RGD was significantly higher (p < 0.05) than that of control groups as shown 

in figure 5B.

 OCR was statistically significantly enhanced by inclusion of collagen 

type IV and 0.01 mM RGD but not by LRE or PDSGR. As shown in figure 

6, the effects of collagen IV with RGD on OCR of the islets was strong and 

was 2418.0 + 334.9 pmol O2.min–1. µgDNA–1 which was five-fold higher than 

the OCR of the control group (p<0.01). Although, OCR of islets entrapped in 

collagen IV with PDSGR was nearly 1.5-fold higher than the control group 

the differences were not statistically significant compared to controls.
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Figure 5. Effect of ECM incorporation in immunoisolating microcapsules and 
glucose induced insulin release of islets ex vivo after 8 weeks of implantation. 
(A) Glucose-stimulated insulin secretion of explanted MIP-Luc-VU mice islets 
encapsulated in alginate-based microcapsules supplemented with 50 µg/ml collagen 
type IV and either 0.01 mM RGD, 0.1 mM LRE, or 0.01mM PDSGR after 8 weeks 
of implantation. Control islets were encapsulated in an alginate microcapsule 
without ECM. Glucose stimulated insulin release was tested immediately after graft 
explantation. Insulin release was measured after exposure to low (2.75 mM), high 
(16.5 mM), and a second incubation in low glucose for 1 hour. (B) Insulin secretion 
stimulation index of encapsulated mouse islets. * indicates statistical significant 
differences (p < 0.05) when compared to control. Values represent mean ± SEM 
(n=5).
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Figure 6. Effect of ECM incorporation in immunoisolating microcapsules on oxygen 
consumption rate ex vivo after 8 weeks of implantation. MIP-Luc-VU islets were 
encapsulated in alginate capsules containing a combination of 50 µg/ml collagen 
type IV and either 0.01 mM RGD, 1 mM LRE, and 0.01 mM PDSGR. Control islets 
were encapsulated in an alginate microcapsule without ECM. Islets were tested in 
a Seahorse Bioscience XF24 extracellular flux analyzer (pMoles/min). Each data 
point represents mean ± SEM of 5 independent experiments. * indicates statistical 
significant differences (p<0.05) when compared to islets in control capsules.
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Transcriptomics of ECM supplemented mouse islets

To gain insight in the cause and pathways involved in ECM-induced changes 

in islets exposed for 8 weeks in vivo to specific laminin sequences in an 

unbiased way, we performed genome-wide gene expression analysis. To 

determine which canonical pathways were affected by the treatments, IPA 

analysis was performed.

 Figure 7a shows the genes differentially regulated in encapsulated 

mice islets supplemented with collagen IV and either RGD (156 genes), LRE 

(77 genes), or PDSGR (115 genes) compared to supplemented controls. In 

the center are only 12 differentially regulated genes that are shown in the 

heatmap in Figure 7b. The only upregulated gene by all ECM treatment was 

Endothelin Receptor Type B (EdnrB) which is involved in development and 

function of blood vessels [39, 40]. All other shared genes were downregulated 

and involved genes involved in tissue remodelling (MMP10, Rpl39l, PI15) 

and G-protein-coupled receptors (Olfr444 and 1131) and a potassium channel 

gene (KCNK10). Interestingly also in the center of downregulated genes was 

IL33 which is a so-called alarmin and associated with inflammation [41, 42]. 

Figure 7c shows the top ten mostly regulated genes by the different 

treatments. The genes that were most differentially regulated in addition 

to genes related to tissue remodeling (HEYL, Dact1, sox6) and in this 

case upregulated by RGD, are related to lipid metabolism in cells (Apod; 

Apolipoprotein D, CYP39A1 Gene Cytochrome P450 Family 39 Subfamily 

A Member 1), innervation (Ngfr; Nerve Growth Factor Receptor, Tenm3; 

Teneurin Transmembrane Protein 3), but also sox6 which is involved in b-cell 

differentiation and expression of essential transcription factors such as PDX-

1 [43]. LRE also had similar effects as RGD on lipid metabolism in islet-cells 

(Apod, SLC44A4) but also induced strong downregulation of morc1 which is 

associated with apoptosis.



123

Impact of ECM of mouse islets in vivo

4

Figure 7.  A. Venn diagram of differentially expressed genes in mouse islets exposed 
to collagen IV and either 0.01 mM RGD, 1 mM LRE, or 0.01 mM PDSGR after 8 
weeks in vivo compared to controls. Note the specificity of the ECM supplementation 
on gene expression. B. Heat-map showing the up and down regulation of the 12 
shared genes in islets that are differentially regulated by all three ECM additions. C. 
Heat-map showing the relative expression of the top 10 regulated genes by inclusion 
of the ECM on the capsules compared with controls. Colors indicate relative 
expressions normalized per gene (per row) that are statistically significantly different 
compared to controls with a paired-wise LIMMA raw t-test and p<0.05. Dark green 
is a decreased fold change, the darkest the red the higher the increased fold change 
compare to medium control and black indicates no statistically significant change.
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Also, other tissue modelling genes were downregulated such as PI15. 

PDSGR has contrasting effect to RGD on innervation as down-instead of 

upregulation of genes were observed (GABRP; Gene Gamma-Aminobutyric 

Acid Type A Receptor Pi Subunit, PURA; Purine Rich Element Binding 

Protein A) but a typical vascularization receptor (EdnrB; Endothelin Receptor 

Type B) was upregulated while a shared effect with RGD and LRE was again 

downregulation of tissue remodeling genes.

Microarray data were further analyzed with Ingenuity Pathway 

Analysis (IPA), only focusing on genes that were significantly differentially 

expressed (p < 0.05, fold-change >1.5 or <−1.5) when comparing the different 

ECM treatments to controls. Interestingly, we observed twelve canonical 

signaling pathways that were significantly affected in all treatment groups 

(Figure 7 C). The canonical pathways “LXR/RXR Activation”, “Granulocyte 

Adhesion and Diapedesis” and “Agranulocyte Adhesion and Diapedesis” 

were upregulated in all three groups. Therefore, these pathways might be in 

particular influenced by inclusion of ECM in islets. 

Discussion
Here we provide in vivo evidence that inclusion of specific ECM molecules 

impact function of pancreatic islets in an ECM-type dependent fashion. Based 

on previous studies we selected collagen IV and specific laminin sequences 

for this in vivo study as these were the only three combination that had 

demonstrated efficacy in supporting islet function in vitro [8, 10]. Other tested 

components were either ineffective or attenuated islet function in vitro [11, 

44]. In vitro we observed specific effects of the three laminin sequences. RGD 

and LRE reduced danger-associated molecular patterns (DAMPs) release 

from islets but PDSGR was ineffective. Oxygen consumption rate of islets 

was mainly beneficially influenced by collagen IV-LRE and collagen IV-
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PDSGR [8]. Here we confirm in vivo that even after 8 weeks of implantation 

similar specific effects of laminin inclusion in immunoisolating capsules on 

islets can be observed.

 Oxygen consumption rate in vivo was highly impacted by RGD but 

not by LRE and PDSGR which contrasts in vitro findings where LRE had 

the most potent OCR enhancing effect. This discrepancy between in vitro 

and in vivo should be explained by short versus long term exposure of islets 

to laminin sequences. RGD binds to many members of the integrin family, 

including α3β1 α5β1, α5β3, αvβ3 and αvβ5 on pancreatic islets [45, 46]. The 

laminin adhesive recognition sequence PDSGR present in the β1 chain [47], 

is known to accelerate cell-proliferation [48]. LRE has also been reported to 

guide cellular processes [49] but LRE, in contrast to RGD and PDSGR are 

lacking integrin binding subunits α3 and α5 and β1 [45, 49]. In fact, absence 

of these subunits in LRE and especially the ligand for α5 on adult mouse 

islets may therefore be the cause of the lesser beneficial effect of this laminin 

sequence [50]. PDSGR has been reported to stimulate α6β1 integrins on 

mouse islets [51, 52], while RGD peptides binds to α5β1 integrins on islets 

[46], which might explain the pronounced differences in ex vivo function and 

gene regulation observed in this study. 

 RGD was the only laminin sequence that enhanced OCR. This 

corresponded to enhanced expression of genes associated with oxygen 

consumption in islets as illustrated by our transcriptomics analysis. RGD 

significantly enhanced expression of Atp10a, TMEM116, and Cyp39a1 

which are genes involved in mitochondrial chain assembly in mice islets 

[53]. Interestingly, a down regulation of LMCD1 was observed in all three 

ECM supplemented islet groups, which indicates lowering of activity of 

mitochondrial respiratory complexes and mitochondrial respiration [54]. The 

finding of strong enhancing OCR effects by RGD is considered to be beneficial 
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as it has been shown that higher OCR correlates with longer function of islet 

grafts [10, 37, 55].

RGD also had a beneficial effect on glucose induced insulin secretion 

again illustrating the specificity of functionality promoting effects of ECM 

components. The tripeptide RGD is one of the most studied sequences [56] 

and known to induce cellular functions such as adhesion and spreading. 

This recognition sequence interacts as outlined above with many members 

of the integrin family, including α3β1 α5β1, α5β3, αvβ3 and αvβ5 [45, 46]. 

In vitro studies on encapsulated islet grafts containing RGD corroborate our 

findings on stimulating effects on graft viability [57], but to the best of our 

knowledge a systemic comparison of its effects between capsules without 

RGD or with other ECM molecules in vivo has not been performed till now. 

Unfortunately, the bioluminescence analysis did not provide any statistical 

significant differences in viability at the different time points tested due to 

high variability in signal, but overall, we observed a longer maintenance of 

higher bioluminescent signals with RGD incorporated capsules in vivo than 

in capsules with the other laminin sequences or in control capsules. 

Our transcriptomics study demonstrates that ECM changes very 

specific genes and pathways but there are also common effects. In the center 

of processes that are downregulated are tissue remodeling genes such as 

metalloproteases and protease inhibitors but interestingly also IL33. IL33 is 

an alarmin (alarm signal) [58] that cells rapidly release when encountering 

stress or cellular damage. This finding corroborates our previous findings 

that ECM component inclusion in islet grafts may downregulate release of 

DAMPs. IL33 normally binds to the IL1RL1/ST2 receptor on T-cells and 

mast cells, basophils, eosinophils and natural killer cells and may contribute 

to enhanced immunity and foreign body responses. Our data suggest that this 

may be lowered by incorporation of ECM. 
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Another effect of ECM was the downregulation of Morc1. Morc1 is 

involved in apoptotic pathways and Morc1 upregulation increases apoptosis 

in cells [59]. In diabetic mice, Morc1 upregulation has been reported [60] to 

inhibit DNA-dependent transcription in T-cells. Downregulation of Morc1 

might be coupled to the observed PI15 downregulation which is a gene 

involved in tissue remodelling during apoptosis [61]. Besides downregulation 

of these cell death processes we found activation of the LXR/RXR pathway in 

mouse islets. This is to enhance control of insulin secretion and biosynthesis 

in pancreatic β-cells [62]. Overall these are all ECM dependent processes 

indicated beneficial effects on islet function at 8 weeks after implantation.

All ECM-components influenced vascularization and innervation 

signals from the islets, but effects were laminin sequence dependent. PDSGR 

and RGD had contrasting effect on innervation receptors. RGD enhanced 

innervation receptors while PDSGR downregulated the genes compared to 

controls. As islets in capsules remain in the site in a non-innervated fashion, 

we expected the cells to enhance genes related to innervation, but as shown 

in the current study this can be regulated by specific ECM molecules. Genes 

related to vascularization were enhanced by all three laminin additions. 

Upregulation of these genes was expected as vascularization cannot occur in 

encapsulated islets. 

Conclusion
Our study demonstrates that inclusion of ECM in the intracapsular environment 

of immunoisolating microcapsules promotes islet-cell survival and function 

in an ECM dependent fashion. Collagen IV in combination with RGD had the 

most pronounced effects as it enhanced OCR and the glucose induced insulin 

release. Effects of LRE and PDSGR are observed mostly on a gene level. 

Only 12 genes were regulated by all three ECM mix tested and these included 
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genes related to tissue remodeling and downregulation of the alarmin IL33. 

Long term survival studies need to be performed to determine the effect of 

ECM addition on graft survival. 



129

Impact of ECM of mouse islets in vivo

4

Reference
[1] Michel G, Tonon T, Scornet D, Cock JM, Kloareg B (2010) The cell wall 
polysaccharide metabolism of the brown alga Ectocarpus siliculosus. Insights into 
the evolution of extracellular matrix polysaccharides in Eukaryotes. The New 
phytologist 188: 82-97
[2] Crapo PM, Gilbert TW, Badylak SF (2011) An overview of tissue and whole 
organ decellularization processes. Biomaterials 32: 3233-3243
[3] Lu P, Takai K, Weaver VM, Werb Z (2011) Extracellular matrix degradation 
and remodeling in development and disease. Cold Spring Harbor perspectives in 
biology 3
[4] Barthes J, Ozcelik H, Hindie M, Ndreu-Halili A, Hasan A, Vrana NE (2014) 
Cell microenvironment engineering and monitoring for tissue engineering and 
regenerative medicine: the recent advances. BioMed research international 2014: 
921905
[5] Bonnans C, Chou J, Werb Z (2014) Remodelling the extracellular matrix in 
development and disease. Nature reviews Molecular cell biology 15: 786-801
[6] Leppert PC, Jayes FL, Segars JH (2014) The extracellular matrix contributes 
to mechanotransduction in uterine fibroids. Obstetrics and gynecology international 
2014: 783289
[7] Bellis SL (2011) Advantages of RGD peptides for directing cell association 
with biomaterials. Biomaterials 32: 4205-4210
[8] Llacua LA, de Haan BJ, de Vos P (2018) Laminin and collagen IV inclusion 
in immunoisolating microcapsules reduces cytokine-mediated cell death in human 
pancreatic islets. Journal of tissue engineering and regenerative medicine 12: 460-
467
[9] Bogdani M, Korpos E, Simeonovic CJ, Parish CR, Sorokin L, Wight TN 
(2014) Extracellular matrix components in the pathogenesis of type 1 diabetes. 
Current diabetes reports 14: 552
[10] Llacua A, de Haan BJ, Smink SA, de Vos P (2016) Extracellular matrix 
components supporting human islet function in alginate-based immunoprotective 
microcapsules for treatment of diabetes. Journal of biomedical materials research 
Part A 104: 1788-1796
[11] Llacua LA, Hoek A, de Haan BJ, de Vos P (2018) Collagen type VI interaction 
improves human islet survival in immunoisolating microcapsules for treatment of 
diabetes. Islets: e1420449
[12] Davis NE, Beenken-Rothkopf LN, Mirsoian A, et al. (2012) Enhanced 
function of pancreatic islets co-encapsulated with ECM proteins and mesenchymal 
stromal cells in a silk hydrogel. Biomaterials 33: 6691-6697
[13] de Vos P, Smink AM, Paredes G, et al. (2016) Enzymes for Pancreatic Islet 
Isolation Impact Chemokine-Production and Polarization of Insulin-Producing beta-
Cells with Reduced Functional Survival of Immunoisolated Rat Islet-Allografts as a 



130

Chapter 4

Consequence. PloS one 11: e0147992
[14] McCarthy RC, Breite AG, Green ML, Dwulet FE (2011) Tissue dissociation 
enzymes for isolating human islets for transplantation: factors to consider in setting 
enzyme acceptance criteria. Transplantation 91: 137-145
[15] Amer LD, Mahoney MJ, Bryant SJ (2014) Tissue engineering approaches to 
cell-based type 1 diabetes therapy. Tissue engineering Part B, Reviews 20: 455-467
[16] Lamb M, Storrs R, Li S, et al. (2011) Function and viability of human 
islets encapsulated in alginate sheets: in vitro and in vivo culture. Transplantation 
proceedings 43: 3265-3266
[17] De Vos P, De Haan BJ, Wolters GH, Strubbe JH, Van Schilfgaarde R (1997) 
Improved biocompatibility but limited graft survival after purification of alginate for 
microencapsulation of pancreatic islets. Diabetologia 40: 262-270
[18] Zidek Z, Kmonickova E, Kostecka P, Jansa P (2013) Microfiltration method 
of removal of bacterial contaminants and their monitoring by nitric oxide and 
Limulus assays. Nitric oxide : biology and chemistry 28: 1-7
[19] de Haan BJ, Faas MM, de Vos P (2003) Factors influencing insulin secretion 
from encapsulated islets. Cell transplantation 12: 617-625
[20] Wolters GH, Fritschy WM, Gerrits D, van Schilfgaarde R (1991) A versatile 
alginate droplet generator applicable for microencapsulation of pancreatic islets. 
Journal of applied biomaterials : an official journal of the Society for Biomaterials 3: 
281-286
[21] Fowler M, Virostko J, Chen Z, et al. (2005) Assessment of pancreatic 
islet mass after islet transplantation using in vivo bioluminescence imaging. 
Transplantation 79: 768-776
[22] Lu Y, Dang H, Middleton B, et al. (2004) Bioluminescent monitoring of islet 
graft survival after transplantation. Molecular therapy : the journal of the American 
Society of Gene Therapy 9: 428-435
[23] Malmgren S, Nicholls DG, Taneera J, et al. (2009) Tight coupling between 
glucose and mitochondrial metabolism in clonal beta-cells is required for robust 
insulin secretion. The Journal of biological chemistry 284: 32395-32404
[24] de Wit NJ, Hulst M, Govers C, et al. (2016) Effects of Digested Onion 
Extracts on Intestinal Gene Expression: An Interspecies Comparison Using Different 
Intestine Models. PloS one 11: e0160719
[25] Gentleman RC, Carey VJ, Bates DM, et al. (2004) Bioconductor: open 
software development for computational biology and bioinformatics. Genome 
biology 5: R80
[26] Lin K, Kools H, de Groot PJ, et al. (2011) MADMAX - Management 
and analysis database for multiple ~omics experiments. Journal of integrative 
bioinformatics 8: 160
[27] Bolstad BM, Irizarry RA, Astrand M, Speed TP (2003) A comparison of 
normalization methods for high density oligonucleotide array data based on variance 



131

Impact of ECM of mouse islets in vivo

4

and bias. Bioinformatics (Oxford, England) 19: 185-193
[28] Irizarry RA, Bolstad BM, Collin F, Cope LM, Hobbs B, Speed TP (2003) 
Summaries of Affymetrix GeneChip probe level data. Nucleic acids research 31: e15
[29] Dai M, Wang P, Boyd AD, et al. (2005) Evolving gene/transcript definitions 
significantly alter the interpretation of GeneChip data. Nucleic acids research 33: 
e175
[30] Piccolo SR, Withers MR, Francis OE, Bild AH, Johnson WE (2013) 
Multiplatform single-sample estimates of transcriptional activation. Proceedings 
of the National Academy of Sciences of the United States of America 110: 17778-
17783
[31] Venkatasubramanian PB, Toydemir G, de Wit N, et al. (2017) Use of 
Microarray Datasets to generate Caco-2-dedicated Networks and to identify Reporter 
Genes of Specific Pathway Activity. Scientific reports 7: 6778
[32] Elderman M, Sovran B, Hugenholtz F, et al. (2017) The effect of age on the 
intestinal mucus thickness, microbiota composition and immunity in relation to sex 
in mice. PloS one 12: e0184274
[33] Bhujbal SV, de Haan B, Niclou SP, de Vos P (2014) A novel multilayer 
immunoisolating encapsulation system overcoming protrusion of cells. Scientific 
reports 4: 6856
[34] de Vos P, Andersson A, Tam SK, M.M. F, Halle JP (2006) Advances and 
Barriers in mammalian Cell Encapsulation for Treatment of Diabetes. Immunology, 
Endocrine & Metabolic Agents in Medicinal Chemistry 6: 15
[35] de Vos P, Spasojevic M, de Haan BJ, Faas MM (2012) The association 
between in vivo physicochemical changes and inflammatory responses against 
alginate based microcapsules. Biomaterials 33: 5552-5559
[36] Smelt MJ, Faas MM, de Haan BJ, de Haan A, Vaage JT, de Vos P (2014) The 
role of alloresponsive Ly49+ NK cells in rat islet allograft failure in the presence and 
absence of cytomegalovirus. Cell transplantation 23: 1381-1394
[37] Papas KK, Bellin MD, Sutherland DE, et al. (2015) Islet Oxygen 
Consumption Rate (OCR) Dose Predicts Insulin Independence in Clinical Islet 
Autotransplantation. PloS one 10: e0134428
[38] Komatsu H, Cook C, Wang CH, et al. (2017) Oxygen environment and islet 
size are the primary limiting factors of isolated pancreatic islet survival. PloS one 12: 
e0183780
[39] Patel C, Narayanan SP, Zhang W, et al. (2014) Activation of the endothelin 
system mediates pathological angiogenesis during ischemic retinopathy. The 
American journal of pathology 184: 3040-3051
[40] Pla P, Larue L (2003) Involvement of endothelin receptors in normal 
and pathological development of neural crest cells. The International journal of 
developmental biology 47: 315-325
[41] Gautier V, Cayrol C, Farache D, et al. (2016) Extracellular IL-33 cytokine, 



132

Chapter 4

but not endogenous nuclear IL-33, regulates protein expression in endothelial cells. 
Scientific reports 6: 34255
[42] Buzzelli JN, Chalinor HV, Pavlic DI, et al. (2015) IL33 Is a Stomach 
Alarmin That Initiates a Skewed Th2 Response to Injury and Infection. Cellular and 
molecular gastroenterology and hepatology 1: 203-221 e203
[43] Iguchi H, Ikeda Y, Okamura M, et al. (2005) SOX6 attenuates glucose-
stimulated insulin secretion by repressing PDX1 transcriptional activity and is down-
regulated in hyperinsulinemic obese mice. The Journal of biological chemistry 280: 
37669-37680
[44] Llacua LA, Faas MM, de Vos P (2018) Extracellular matrix molecules 
and their potential contribution to the function of transplanted pancreatic islets. 
Diabetologia
[45] Takagi J (2004) Structural basis for ligand recognition by RGD (Arg-Gly-
Asp)-dependent integrins. Biochemical Society transactions 32: 403-406
[46] Pinkse GG, Bouwman WP, Jiawan-Lalai R, Terpstra OT, Bruijn JA, de Heer 
E (2006) Integrin signaling via RGD peptides and anti-beta1 antibodies confers 
resistance to apoptosis in islets of Langerhans. Diabetes 55: 312-317
[47] Stendahl JC, Kaufman DB, Stupp SI (2009) Extracellular matrix in pancreatic 
islets: relevance to scaffold design and transplantation. Cell transplantation 18: 1-12
[48] Kumada Y, Zhang S (2010) Significant type I and type III collagen production 
from human periodontal ligament fibroblasts in 3D peptide scaffolds without extra 
growth factors. PloS one 5: e10305
[49] Hunter DD, Cashman N, Morris-Valero R, Bulock JW, Adams SP, Sanes JR 
(1991) An LRE (leucine-arginine-glutamate)-dependent mechanism for adhesion of 
neurons to S-laminin. The Journal of neuroscience : the official journal of the Society 
for Neuroscience 11: 3960-3971
[50] Otonkoski T, Banerjee M, Korsgren O, Thornell LE, Virtanen I (2008) 
Unique basement membrane structure of human pancreatic islets: implications for 
beta-cell growth and differentiation. Diabetes, obesity & metabolism 10 Suppl 4: 
119-127
[51] Wang R, Li J, Lyte K, Yashpal NK, Fellows F, Goodyer CG (2005) Role for 
beta1 integrin and its associated alpha3, alpha5, and alpha6 subunits in development 
of the human fetal pancreas. Diabetes 54: 2080-2089
[52] Yashpal NK, Li J, Wheeler MB, Wang R (2005) Expression of {beta}1 integrin 
receptors during rat pancreas development--sites and dynamics. Endocrinology 146: 
1798-1807
[53] Rotig A (2010) Genetic bases of mitochondrial respiratory chain disorders. 
Diabetes & metabolism 36: 97-107
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