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Abstract
Extracellular matrix (ECM) molecules are responsible for structural and 

biochemical support, as well as for regulation of molecular signalling and 

tissue repair in many organ structures, including the pancreas. In pancreatic 

islets, collagen type IV and VI, and laminins are the most abundant molecules, 

but other ECM molecules are also present. The ECM interacts with specific 

combinations of integrin α/β heterodimers on islet cells and guides many 

cellular processes. More specifically, some ECM molecules are involved 

in beta cell survival, function, and insulin production, while others can fine 

tune the susceptibility of islet cells to cytokines. Further, some ECM induce 

release of growth factors to facilitate tissue repair. During enzymatic isolation 

of islets for transplantation, the ECM is damaged, impacting islet function. 

However, restoration of the ECM in human islets (for example by adding ECM 

to the interior of immunoprotective capsules) has been shown to enhance islet 

function.  Here, we provide current insight into the role of ECM molecules 

in islet function and discuss the clinical potential of ECM manipulation to 

enhance pancreatic islet function and survival. 

Keywords: Collagen, Cytokines, Extracellular matrix, Graft, Islet, Laminin, 

Review
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1Abbreviations

CCL  Chemokine ligand

ECM Extracellular matrix

EGFR   EGF receptor

ERK Extracellular signal-regulated kinase

FAK  Focal adhesion kinase

FGF  Fibroblast growth factor

FGFR1 Fibroblast growth factor receptor-1

GAG         Glycosaminoglycan

GSIS Glucose-stimulated insulin secretion

HGF  Hepatocyte growth factor

HSPG Heparan sulfate proteoglycans

MAPK Mitogen-activated protein kinase

MCP-1 Monocyte chemoattractant protein -1

MIP Macrophage inflammatory protein

MMP  Matrix metalloproteinase

RANTES Regulated on activation, normal T cell expressed and secreted 

RGD Arginine-glycine-aspartic acid
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Introduction
Type 1 diabetes is an autoimmune disorder leading to the destruction of 

insulin-producing beta cells. Current clinically available methods of insulin 

replacement cannot prevent the occurrence of frequent hypoglycaemia and 

diabetic complications [1]. Hence, an insulin source that regulates glucose 

levels on a minute-by-minute basis to prevent hypoglycaemia and diabetic 

complications [2, 3] and to improve quality of life and life expectancy [1, 

4, 5] is required. Theoretically, this can be achieved by transplantation of 

allogeneic pancreatic islets (either via transplantation of the whole pancreas 

or isolated pancreatic islets) [4, 6]. Both whole pancreas or pancreatic islet 

transplantation prevents the development of hypoglycaemia and diabetic 

complications [7], but the latter has two principle advantages over the former. 

First, islets can be modulated before transplantation to reduce the risk of 

graft rejection. Second, islet transplantation is a minimally invasive surgical 

procedure, involves a short hospital stay, has low morbidity [4] and can be 

repeated with minor adverse effects in case of graft failure. 

Islets are conventionally transplanted by infusion into the liver via the 

portal vein. This procedure is clinically effective in type 1 diabetes [8] but 

islet grafts often fail after 3–5 years despite the use of immunosuppressants. 

Many factors contribute towards graft failure, including instant blood-

mediated inflammatory reactions (IBMIRs) [9], recurrence of autoimmunity 

[10], natural killer (NK) cell cytotoxicity [2, 11, 12], loss of cells owing to 

ischaemia [13] and inadequate revascularisation [13, 14]. 

Recently, the importance of the extracellular matrix (ECM) in islet 

transplantation has been recognised [3, 6, 15, 16], although the precise role 

of islet ECM integrity in graft function and survival is not yet understood. 

Pancreatic islets have an extensive network of ECM molecules [17-20]; 

these are damaged during isolation of pancreatic islets via application of 
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enzymes that break down ECM molecules between endocrine and exocrine 

cells [6, 21]. Although selective, the process of enzymatic degradation of 

exocrine connections is not specific [2] and, as a consequence, many ECM 

components that surround the islets and interconnect endocrine cells are 

also damaged [2, 22], affecting islet function [6, 21, 23, 24]. After isolation 

using ECM-degrading collagenases, the whole microvasculature of the islet 

is destroyed [25] and islet cells undergo cell-death processes, such as anoikis, 

necroptosis and necrosis [2, 22, 26, 27]. To amplify matters, these processes 

are associated with the release of highly inflammatory danger-associated 

molecular patterns (DAMPs) that contribute to immune responses against 

pancreatic islets [28]. Therefore, it is conceivable that islet cell death may 

be reduced via restoration of the ECM to enhance survival of pancreatic islet 

grafts. In fact, graft supplementation with ECM molecules has been shown 

to enhance the function and survival of pancreatic islets (via mechanisms 

that are largely unknown) [3, 18, 29]. The applicability of this approach has 

already been demonstrated under settings of tissue engineering, whereby 

ECM supplementation has contributed to the success of grafts [23, 30], with 

the supplemented ECM guiding cellular development by mimicking the 

biochemical composition, fibrillar structure and viscoelastic properties of the 

ECM in the target organ [31]. 

Here, we provide a summary of the types of ECM molecules that 

are normally expressed in the islet, followed by a discussion of the current 

knowledge on the contribution made by ECM to the function of islets and 

other organs. This knowledge will facilitate the future design of islet ECM 

complexes applicable for islet transplantation. We conclude by discussing 

the current experimental proof of principle of improving islet function by 

supplementation with specific ECM components in immuno-isolating islet 

grafts.
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ECM structures that might support islet function
ECM molecules play an important role in guiding proliferation, differentiation, 

and migration of cells, starting as early as embryogenesis [32, 33]. They 

also modulate and attenuate inflammatory responses in various organs [34]. 

Usually, collagens provide structural stiffness and cohesiveness to tissues 

[24, 32, 35] and laminin chains may be critical in maintaining the integrity 

and shape of an organ structure [32, 36]. Moreover, fibronectin, fibrillin 

and laminin are found in the pancreas and are involved in cytoskeletal 

remodelling, contractility and differential cell adhesion [32, 37]. Pancreatic 

islets contain almost all major ECM molecules in varying proportions [18, 19, 

22, 38]. The most abundant ECM molecules in pancreatic islets are collagen 

type IV and VI, and laminins, such as laminin-332 and laminin-511 [39-

41]. Most ECM molecules in the islets have been associated with specific 

biological processes, as discussed below. However, some ECM molecules in 

the pancreatic islets have not been studied to a great extent and, thus, are yet 

to be fully characterised; for these, we will describe their function in other 

organs, where they likely perform similar functions as in the islets.

Collagens are the most abundant protein in organisms and are usually divided 

into fibrillar and nonfibrillar structures [42, 43]. Over 20 chemically distinct 

collagen structures have been described. Collagens I, II, III, IV, V and VI are 

present in the peripheral ECM of mature human islets but only collagens type 

I and IV are commonly used as supplements/adjuvants for cellular functions 

in biomedical applications [44, 45]. 

Collagens VI and IV are located at the islet–exocrine interface and 

islet basement membrane and regulate fibronectin assembly by restraining 

cell–fibronectin interactions [46-48]. Collagen IV is also abundant in the 
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peripheral matrix of human islets and affects the stiffness of the ECM, and 

determines cell fate [21, 24, 49]. Previous studies demonstrate that collagen 

IV significantly promotes cell survival in intact human islets [3, 6, 15] but 

may also decrease insulin production in beta cells [50] when present at high 

concentrations [6].

Combinations of collagens and polymeric biomaterials or other ECM 

molecules have been incorporated into transplanted grafts to create matrices 

with desired mechanical properties [16]. For example, collagen matrices have 

been incorporated into synthetic polymeric scaffolds to improve mechanical 

performance of the scaffolds [39, 50, 51]. Such an approach may also be used 

to enhance of islet function, since collagen IV combined with specific laminin 

sequences has been found to improve glucose-stimulated insulin secretion 

(GSIS) in pancreatic islets [6, 52].

Fibronectin, a multifunctional component of ECM, facilitates cell attachment 

and cellular spreading by direct interaction with cells [53, 54]. The amino acid 

sequences of fibronectin interact with several cellular ligands. The best-known 

example is the tripeptide arginine-glycine-aspartic acid (RGD) receptor of 

fibronectin, which interacts with the β-I/A domain and is the synergy site in 

the adjacent fibronectin type III (FN3) repeat that interacts with the propeller 

domain [55, 56]. Accordingly, RGD has been incorporated into or applied 

on surfaces of numerous biomaterials [31]. Moreover, specific sections of 

the fibronectin RGD receptor can interact with α4β1, α5β1 and α9β1 integrins 

and with Ig superfamily cell-surface counter receptors, such as vascular cell 

adhesion molecule 1 (VCAM-1) [55]. One suggested strategy for improving 

functional cell survival in tissue engineering is to create several layers of 

oriented fibronectin to enhance the availability of its binding sites for cells 

[54, 57]. However, fibronectin can also interact with cells via non-integrin 
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receptors, such as dystroglycan and syndecan [58, 59].

Fibronectin regulates several processes in islets via interaction with 

islet integrin and non-integrin receptors. It improves islet and beta cell function 

and, through transcriptional upregulation of the anti-apoptotic protein B cell 

lymphoma 2 (Bcl-2), has been demonstrated to enhance islet survival [6, 16, 

60]. Lin et al showed that fibronectin stimulates beta cell proliferation and 

GSIS [61], whilst other have shown that fibronectin induces gene expression of 

differentiation markers for endocrine tissue, such as insulin 2, glucagon, Pdx1 

and Pax6 [62]. Further, in vitro studies on porcine islets have demonstrated 

that a fibronectin-mimetic peptide can specifically bind to α5β1 integrin and 

increase matrix production and cell viability in isolated islets [60].

Laminins are heterotrimeric glycoproteins composed of α, β and γ polypeptide 

chains joined by disulfide bonds [63]. The specific expression and distribution 

of laminin isoforms in islets are not well understood [64]. However, recent 

studies report that laminins co-localise with α6 integrins in the developing 

pancreas and promote islet function in vitro [64]. Laminin-111 (composed of 

α1, β1 and γ1 chains) is the primary isoform present in the developing mouse 

pancreas [36, 65]. However, when mice reach adulthood, this is replaced 

by laminin-511, a trimer of the α5, β1, and γ1 isoform [64]. In human islets, 

laminin-411 (composed of α4, β1 and γ1 chains) and -laminin-511 have been 

found to be essential for beta cell proliferation and insulin transcription [66]. 

In terms of distribution, laminin-332 has been found to be present near 

the glucagon producing alpha cell [67], whilst laminin-511/521 is present in 

the double basement membrane layer of human islets [40]. Interactions with 

the islet cell membrane may not necessarily occur through integrins, as (like 

fibronectin) laminins may also bind to receptors of a non-integrin nature. For 

example, they may bind to dystroglycan to regulate assembly of the basal 
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lamina [20] or induce beta cell differentiation and survival in foetal mouse 

pancreases [65, 68]. Most of the integrin-binding regions can bind to specific 

adhesive fragments of laminin [69], such as IKVAV, VAYI and IKLLI and 

laminin-111, which are all α1 chains [3, 70-73]. Other adhesive amino acid 

sequences of laminin, including YIGSR, PDSGR, RYVVLPR and LGTIPG, 

are present in the β1 chain [16, 20, 70, 71]. Although little is known about 

the interactions of these ligands with pancreatic islet cells, laminin adhesive 

sequences are reported to improve the function of pancreatic islets in vitro 

[3, 6]. Furthermore, laminins induce expression of islet-specific transcription 

factors and hormones, such as pancreatic and duodenal homeobox 1 (PDX1), 

insulin 1, insulin 2, glucagon, somatostatin and GLUT-2 [62]. They also 

activate protein kinase B (Akt) and extracellular signal-regulated kinase, 

(ERK), which are important regulators of cell metabolism and can induce 

differentiation of precursor cells into beta cells [61].

Glycosaminoglycans (GAGs) are linear sugar chains consisting of repeating 

units of disaccharides, hexosamine (glucosamine or galactosamine) and 

uronic acid [44]. Except for hyaluronic acid, these disaccharide chains are 

covalently linked to core proteins to form proteoglycans. Hyaluronic acid is 

localised in the ECM of pancreatic islets, whilst heparan sulfate proteoglycans 

(HSPGs; another class of GAGs) are concentrated in the intracellular space of 

beta cells [74, 75] and in the peri-islet basement membrane of islets in mice 

[19, 76]. In humans, the HSPG perlecan has been found to be present in beta 

cells from those with and without type 2 diabetes [77]. 

GAGs, particularly HSPGs, may also be involved in islet amyloid 

formation and cellular dysfunction [78]. For example, perlecan and agrin are 

HSPGs that exist in different isoforms and conformations in the pancreas.  

They are the primary carriers of heparan sulfate side chains in islets. Although 
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the presence of perlecan and agrin in the islet basement membrane has not 

yet been elucidated [53], they are thought to dictate the composition of the 

vascular basement membrane, and also beta cell function [5, 75]. Specifically, 

in humans, perlecan is suggested to be involved in beta cell dysfunction. 

To support the role of these HSPGs in islet health, there is evidence that 

decreasing GAG synthesis might reduce islet amyloid formation [77-79]. 

Furthermore, decreasing HSPG levels or the addition of heparinase has been 

found to reduce amyloid formation [78]. In addition, a study by Ziolkowski 

et al suggests that the abundance of heparan sulfate was altered in islets and/

or lymphoid tissue upon type 1 diabetes development [76].

Fibrin, a complex matrix formed by polymerisation of fibrinogen, plays an 

important role in homeostasis and tissue repair [44]. Although fibrin is not a 

regular component of the ECM, it may be present as a temporary matrix that 

is replaced by other ECM molecules. Fibrin has many clinical applications 

[80, 81], including use as a biodegradable scaffold or glue to support islets 

after transplantation [82, 83]. It has also been applied as a delivery matrix 

for biomedical purposes, especially in combination with other biodegradable 

substances. The fact that fibrin has a matrix structure that is similar to the 

native pancreas makes it a candidate ECM protein for the support of long-

term islet survival [81, 84, 85]. In recent studies, we have applied fibrin 

in polymeric scaffolds that serve as an artificial transplantation site for 

pancreatic islets under the skin [86]. This resulted in enhanced vascularisation 

and engraftment of islets, reducing the number of islets needed to achieve 

normoglycaemia in mice [86, 87]. This might be explained by specific 

interactions of fibrin with some integrins in islets, including αvβ1, which is 

known to be important for the function of transplanted islets [88]. In vitro 

studies have demonstrated enhanced survival of insulin-producing cells when 
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in contact with fibrin [61, 80, 81]. For example, Riopel et al cultured islets in 

fibrin and demonstrated improved beta cell function and survival, which was 

associated with regulation of focal adhesion kinase (FAK), ERK1/2 and Akt 

[80]. Fibrin can also upregulate αvβ3 integrin expression, which prevents beta 

cell apoptosis [80, 83]. Thus, fibrin is an excellent candidate for exogenous 

addition to islet grafts to enhance their survival [86, 87].

Cellular functions guided by ECM
As mentioned, combinations of ECM molecules play an important role in 

cell proliferation, differentiation, and migration [32, 33] and, although 

functional aspects of ECM molecules have not been studied in detail in the 

endocrine pancreas, it is likely that cellular functions and the integrity of the 

pancreas is dependent on the ECM [20]. In one in vitro study, the addition 

of exogenous ECM enhanced rat beta cell proliferation in the presence of 

human growth hormone and the glucagon-like peptide-1 analogue liraglutide 

[89]. Another study found that islet heparan sulfate was involved in the 

regulation of postnatal islet growth and insulin secretion [76]. Specifically, 

in pancreatic islets, laminins α4 and α5 were found to be essential for normal 

beta cell adhesion, proliferation and insulin secretion [90]. On the other hand, 

however, in vitro studies on beta cell proliferation by Rutti et al indicated that 

specific ECM substratum or a similar natural basement membrane structure 

was necessary for human beta cell proliferation [91].

As mentioned above, ECM molecules convert their signal into 

a biological response via ligation to cellular receptors, such as integrins 

[92] and non-integrin receptors. Specific sequences in ECM molecules are 

responsible for this ligation. The RGD sequence, for example, binds to αIIbβ3 

and αvβ3 integrin in the β subunit N-terminus [56, 93, 94]. RGD sites can be 

found in ECM proteins present in the endocrine pancreas, such as entactin, 
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fibronectin, fibrinogen, laminin, vitronectin, von Willebrand factor and, in 

some cases, collagens [54]. Ligation of RGD to these ECM molecules can 

directly activate intracellular signalling pathways associated with prevention 

of apoptosis [16, 95]. Indeed, positive effects of RGD supplementation on 

islet cell survival have been observed by us and others [6, 16, 95]. 

The potency of manipulating ECM to achieve beneficial effects on 

pancreatic islet function is demonstrated by the stimulation of interactions 

between integrins and the ECM that modulate the expression of fibroblast 

growth factor receptor-1 (FGFR1) in beta cells, a receptor that regulates 

pathways involved in beta cell survival and function [20]. However, in addition 

to direct activation of signalling pathways via receptor interaction, ECM 

molecules (such as laminins), along with growth factors, cytokines, matrix 

metalloproteinases (MMPs) and other signalling molecules, can also regulate 

cellular functions through indirect pathways [96]. Two types of indirect 

mechanisms have been identified. One mechanism involves modulation 

of cytokine activity [97]; for example, in beta cells cultured on pancreas-

specific ECM, a transient activation of NF-κB downstream activity and 

integrin engagement, as well as FAK activation are observed [98]. This leads 

to proliferation, enhanced cell survival and GSIS [3] and reduced cytokine-

associated effects [12]. The other mechanism involves the ECM serving as a 

depot for growth factors that support tissue repair and homeostasis. This has 

not been studied extensively in islets but in the liver, for example, hepatocyte 

growth factor (HGF) is stored in the ECM in an inactive form. When the liver 

is damaged, the ECM is degraded by MMPs to release HGF, which stimulates 

hepatocyte proliferation [99, 100]. Whether these indirect mechanisms might 

also be involved in the pancreas remains to be demonstrated.
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ECM, MMPs and cellular receptors
Some believe that changes in ECM composition and ECM interaction with 

cells act as a morphogenetic language that is precisely interpreted by cells [32]. 

The sensing of embedded information in the ECM by specialised receptors at 

the cell surface has an important influence on cell behaviour. These receptors 

not only affect spatial differences in shape and function of cells but they also 

guide migration and intracellular processes, which is an often-ignored aspect 

of mechanical homeostasis in tissues [29]. The attachment of cells to ECM 

molecules can influence cell survival. Excessive mechanical force or other 

stressors, such as disturbances induced by enzymes, may influence ECM 

ligand–cell interactions and may trigger cell-death processes such as apoptosis 

[101] (Fig. 1). Manipulating ECM composition is therefore considered to be 

an effective approach to steer cellular function [3, 102, 103]. An example 

of this is the manipulation of hyaluronan (an inflammatory mediator of islet 

destruction) in the peri-islet and intra-islet environment [104].

In addition to adding ECM molecules, modulation or improvement 

of cellular function can be achieved by adding ECM-modulating MMPs, 

which carry out multiple functions, such as lysis of susceptible intracellular 

proteins in subcellular compartments [105]. A multitude of cytokines, such 

as TNF-α, IL-lβ, IL-17 and IL-18 [106-108], and chemokine ligand (CCL)2 

(also known as monocyte chemoattractant protein -1 [MCP-1]), CCL3 

(macrophage inflammatory protein [MIP]-1 α), and CCL5 (regulated on 

activation, normal T cell expressed and secreted [RANTES]) stimulate the 

release of monocyte MMP [109]. MMPs create the cellular environment 

required during development and morphogenesis by modulating the ECM 

[105]. In fact, an original criterion for an enzyme to be classified as an MMP 

was ‘the ability of the enzyme to proteolytically process at least one ECM 

protein’ [99].  However, it is now recognised that MMPs can cleave many 
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other molecules besides ECM [110], including cytokines, chemokines, 

receptors, growth factors and cell adhesion molecules [111], thus influencing 

many biological processes. For example, IL-1β is cleaved into its active form 

by several MMPs, including MMP-2 and MMP-9, which are considered to be 

required for islet formation [100, 112]. Furthermore, growth factors such as 

fibroblast growth factors (FGFs), IGFs [113] and TGF-β [99] are known to be 

modulated by extracellular MMPs. 

 

a 
a b 

Fig. 1  Cell function and survival is determined by ECM–cell interactions. (a) 
All cells require interaction with ECM (blue arrows) for homeostasis of cellular 
functions. (b)  Loss of ECM–cell interactions owing to mechanical forces or 
enzymatic digestion trigger cell-death processes, such as apoptosis.

Since integrins connect ECM molecules with the cytoskeleton via 

adapters, such as talin [114], and initiate signalling cascades that ultimately 

affect the expression of genes influencing survival, growth and differentiation 

of cells [114, 115], the effect of integrin stimulation on beta cell proliferation 

has also been explored. Integrin receptors bind to and interact with several 

ligands in the pancreas, such as collagen, RGD, fibronectin and laminin [20, 

116]. The presence of α3, α5, αv, α6, β1, β3 and β5 integrin components have 

been reported in adult pancreatic islets [21, 117], α3, α5, α6 and β1 integrin in 

foetal pancreatic tissue [118, 119] and α3, αv, α6, β1 and β5 integrin subunits 
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in endocrine pancreas cells [40, 117, 118]. Figure 2 summarises the current 

knowledge on interactions of integrins with ECM within islets. Stimulation 

of integrins leads to activation of FAK and subsequent activation of Akt and 

mitogen-activated protein kinases (MAPKs) [120]. Some integrin subunits, 

including αv, β1, β4, and β7, can crosstalk with growth factor receptors like 

EGF receptor (EGFR) [121]. The β1 subunit is of special interest for cell 

transplantation and tissue engineering since it has been shown to be important 

in maintaining stem cell function in several organs, including islets [115, 122, 

123]. 

Fig. 2 Summary of the current knowledge on ECM–cell interactions within islets. 
Integrin receptors bind to and interact with several ECM molecules in the pancreas, 
including collagen, RGD, fibronectin and laminin. Integrins, Src family kinases, 
and Rho GTPases are essential in mediating cellular responses downstream of ECM 
engagement. Stimulation of integrins initiate signalling cascades that ultimately 
affect the expression of genes influencing survival, growth and differentiation of 
cells. For example, FAK activation and subsequent activation of Akt and mitogen-
activated protein kinases (MAPKs) can result from ECM–integrin interactions in the 
pancreas, whilst other integrin subunits crosstalk with growth factor receptors like 
EGF receptor (EGFR).
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Table 1 Integrin receptors for ECM components in pancreatic islets

ECM component Integrin subunits Reference

Collagen
α1β1, α2β1, α3β1, αvβ1, 
α10β1, α11β1

[18, 43, 45, 50, 56, 118, 
119]

Fibronectin/fibrin
α3β1, α4β1, α5β1, α4β7, 
α8β1, αvβ1, αvβ3, αvβ5, 
αvβ6, αIIbβ3

[18, 80, 93, 94, 118]

Laminin
α1β1, α2β1, α3β1, α6β1, 
α7β1, α9β1, αvβ3, αvβ5, 
αvβ8, α6β

[64, 67, 71, 73, 116-118, 
145]

GAGs
α2β1, αMβ2, αIIbβ3, αvβ3, 
α4β1, α5β1

[18, 19, 58]

Islet integrins can be stimulated via different ECM molecules (Table 

1). For example, it has been reported that α6β1 is involved in the transduction 

of a matrix signal that modulates beta cell function and enhances insulin 

secretion [124] and that interaction of this integrin with laminin-5 stimulates 

rat beta cell proliferation [124]. In other examples, ligands for the islet-

specific α3β1 integrin include fibronectin, laminin, collagen I and collagen IV, 

yet only collagens I and IV promote rat INS-1 cell viability and proliferation 

[125]. Additionally, αvβ3 binds tenascin C, which is a glycoprotein linked 

to promotion of tumour progression [126] whilst, dystroglycan has been 

implicated to play a role in laminin-111-induced beta cell differentiation 

and survival in the foetal mouse pancreas [20, 68]. Furthermore, Kaido et 
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al [50] found that purified human beta cells contain αvβ1, αvβ5, and α1β1, 

suggesting that many of these integrins are localised in or on beta cells and 

that α1, αv and β1 integrins might be important for creating and maintaining 

islet architecture. These interactions between ECM and integrins can induce 

both intracellular and extracellular processes [127]. Intracellular signalling 

activated by integrin–ECM interaction can alter the effects of cytokines on 

cells [128] and, hence, might be a novel tool for modulating the sensitivity of 

transplanted cells to avoid cytokine-associated cytotoxicity. 

Immunomodulation and ECM
In addition to its direct interaction with cells, the ECM can serve as a reservoir 

for immune-active signalling molecules, such as cytokines and growth 

factors [29, 105], thereby acting in an immunomodulating capacity [129]. For 

example, when bound to fibronectin or laminin, cytokines (e.g. TNF-α) were 

found to improve the adhesion of T lymphocytes to fibronectin/laminin via 

integrin β1-dependent interactions [130]. 

Proteoglycans are the major ECM component involved in immune 

signalling. Further, perlecan and agrin [53, 131], located in the basement 

membranes surrounding the exocrine acini of adult mouse pancreas [19], 

are involved in the controlled release of cytokines and growth factors. 

Proteoglycans can serve as a binding site for IFN-γ and TGF-β [12, 132] 

and they are also implicated in interactions with heparin-binding cytokines, 

such as TNF-α. They can also act as a binding site for TGF-β; for example, a 

group of small proteoglycans, including decorin, biglycan and fibromodulin, 

regulate immune responses by binding TGF-β [133]. In an in vivo study, 

decorin inhibited TGF-β by immobilising it and preventing it from interacting 

with its cell surface signalling receptors [12].

Other matrix molecules, such as laminin-332, can mediate the 
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synthesis of TGF-β1 and TNF-α [134]. Moreover, certain cells may enable 

activation of specific cytokines, such as IL-3, IL-7 and IFN-γ, by changing 

the composition of their cell-surface heparan sulfates [135, 136]. This process 

is fine-tuned by an interplay between the affinity of the receptor and the ligand 

cytokine/growth factor [137]. The dynamics of this process have been best 

studied using FGF-2, which binds to heparan sulfate chains at lower affinity 

than to its receptor [138]. 

 The efficacy of cytokines can also depend on ECM molecules as 

co-receptors, or on ECM receptors molecules, such as integrins [137]. For 

example, simultaneous binding of growth factors/cytokines to their respective 

signalling receptor and to heparan sulfate chains forms the basis of dual 

receptor cytokine signalling [137]. Cytokine receptors are also required for the 

clustering of integrins, enabling effective signal transduction pathways [137, 

139]. This clustering of receptors also applies to key cytokines involved in 

beta cell destruction in type 1 diabetes, such as IL-1β [139, 140]; interestingly 

the expression of ECM-associated genes (even at low levels) is associated 

with diminished IL-1β effects [10].

Considerations for engineering and future applications of 
ECM in pancreatic islet transplantation
Human islets are currently isolated by application of enzyme mixtures, 

which contain collagenase, neutral protease, trypsin and clostripain [141]. 

As mentioned above, these mixtures selectively break down the connections 

between the exocrine and endocrine tissue, but also break down the islet 

vasculature and ECM [2, 142]. For example, following administration via 

the ductal circuit collagenase may enter the islets and destroy intra-islet ECM 

[2]. Several studies have also shown detrimental effects of enzymatic islet 

isolation on peripheral islet ECM, such as on collagens [2, 6] and laminins 
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[119]. Collagenases digest several collagen types, such as types I, III, IV 

and V [25]. This has a dramatic impact on cell viability [27]. The enzymes 

also damage intracellular stores of the GAG heparan sulfates [22], with a 

predictable impact on islet transplant outcomes.

 A possible strategy for enhancing the functional survival of islets is 

to add specific ECM molecules before transplantation. Recent studies have 

demonstrated that collagen IV and laminin sequences, such as RGD, LRE and 

PDSGR, have positive effects on the function of isolated human islets [6, 15, 16, 

23]. An emerging field, in which we recently proved the principle of applying 

ECM supplementation for islet cell survival, is the immuno-isolation of islets 

by encapsulation (Fig. 3). Encapsulation of islets in an immunoprotective 

but semipermeable membrane allows for successful transplantation of 

islets without the need for immunosuppression [143]. One obstacle to this 

application is the loss of islets in the immediate transplant period, which can 

amount to 60% of the graft in the first 2 weeks after implantation [143, 144]. 

Recently, we demonstrated that the enzyme preparation has a huge influence 

on both islet cell survival and the immunogenicity of the tissue [2]. Islets 

isolated from the pancreas using a less-favourable enzyme mixture produced 

less insulin upon glucose challenge but more IFN-γ-inducible protein 10 

(IP-10), growth related oncogene-α (GRO-α), MIP-1 and -2, RANTES, and 

cytokines, including MCP-1. This resulted in a twofold lower graft survival 

time than islets extracted using a different collagenase mixture [2].

 In an attempt to enhance the survival of encapsulated pancreatic 

islets in alginate-based microcapsules, we investigated the impact of single 

ECM molecules and combinations of ECM molecules. We used bioactive 

sequences of ECM molecules instead of full proteins as they can be 

produced synthetically and are associated with fewer variations than ECM 

components from biological origin. An interesting observation was that 
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not all ECM components had beneficial effects and effects vary depending 

on the concentration of ECM components. For example, excessively high 

concentrations of collagen IV had detrimental effects on GSIS [3, 6]; whilst, 

concentrations of collagen IV that mimicked physiological conditions in islets 

in vivo supported insulin secretion [29]. When combined with collagen IV, 

out of several ECM molecules, only RGD, LRE and PDSGR were found to 

have a positive impact on the function of pancreatic islets [6]. These studies 

highlight that there is still much to learn about the role of ECM in the biology 

and functional survival of pancreatic islets and that a stepwise approach is 

necessary to select beneficial ECM components. At the same time, it also 

demonstrates that supplementation with ECM components, as used in 

other fields, including tissue engineering, is a feasible approach to enhance 

pancreatic islet cell survival and graft function.
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Conclusion
Overall, it is clear that the manipulation of ECM may promote successful islet 

transplantation. However, there are still many questions left to be answered 

with regard to the type of ECM molecules that are beneficial for islet graft 

survival. To facilitate a response to these questions, however, we must first 

elucidate the mechanisms by which these ECM molecules enhance the 

survival and function of pancreatic islets. Importantly, these finding may aid 

with the development of future treatments for type 1 diabetes that will help 

to improve the life expectancy and quality of patients with type 1 diabetes.
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Design and rationale of this thesis
As outlined in the preceding section long-term graft survival of immunoisolated 

pancreatic islets might be improved by restoring extracellular matrices 

(ECM) in and around islets.  ECM in islets is damaged or disappeared during 

collagenase exposure during the isolation of islets from the pancreas. The 

ECM composition should mimic the native pancreatic environment as close 

as possible or be restored after implantation. ECM in the pancreas is essential 

for survival and function of islets cells but might also contribute to reduction 

of susceptibility to cytokine stress. The ECM serves as a reservoir for growth 

factors that contribute to repair of islets. 

The main goal of this thesis is to identify which ECM are beneficial 

for islets and how these ECM molecules can contribute to function of  

encapsulated islet grafts. Also, the aim was to demonstrate that specific ECM 

can reduce susceptibility of islet cells to cytokine stress, which may improve 

encapsulated islet graft survival. Ultimately, the presence of these ECM 

molecules may contribute to cure of type 1 diabetes.  

In chapter 2 we tested the main ECM components in and around islets on 

functional survival and oxygen consumption rate of immunoisolated human 

pancreatic islets. We confirmed that also specific combinations of ECM 

molecules are having beneficial effects while others had no effects. The 

successful combinations were tested in the subsequent studies.

In chapter 3 we tested whether combinations of ECM molecules with 

confirmed beneficial effects on islet function also protected against cytokine 

stress. Identifying ECM molecules with such an effect is essential as directly 

after implantation islets are exposed to high concentrations of proinflammatory 

cytokines. We found that again only specific combinations of ECM molecules 
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were effective in protecting against cytokine stress.

In Chapter 4 we investigated whether the findings of chapter 2 and 3 had 

any implications for improved survival of islets in vivo. This was tested 

in an allogenic mice model. Islet survival was tested after subcutaneous 

implantation by tracking islets by bioluminescence and by studying function 

of islets after retrieval from the implantation side by testing glucose induced 

insulin release and by studying transcriptomics of islets.  

In Chapter 5 we tested another promising candidate ECM molecule on 

function of human encapsulated islets, i.e. collagen VI. Collagen VI is 

abundantly found in muscle cells and in pancreatic islets. Glucose induced 

insulin release and effects on oxygen consumption rate were tested.  

In Chapter 6 contains the summary of the results, general discussion and 

future perspective of immunoisolated islet encapsulation and transplantation.



33

Introduction

1
References
[1] 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
[2] de Vos P, Smink AM, Paredes G, et al. (2016) Enzymes for Pancreatic Islet 
Isolation Impact Chemokine-Production and Polarization of Insulin-Producing 
β-Cells with Reduced Functional Survival of Immunoisolated Rat Islet-Allografts as 
a Consequence. PloS one 11: e0147992
[3] Weber LM, Hayda KN, Anseth KS (2008) Cell-matrix interactions improve 
β-cell survival and insulin secretion in three-dimensional culture. Tissue engineering 
Part A 14: 1959-1968
[4] de Vos P, Spasojevic M, Faas MM (2010) Treatment of diabetes with 
encapsulated islets. Advances in experimental medicine and biology 670: 38-53
[5] Islam MS (2010) The islets of Langerhans. In:  Advances in experimental 
medicine and biology. Springer, Dordrecht; London, pp 217-234
[6] 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
[7] de Vos P, Faas MM, Strand B, Calafiore R (2006) Alginate-based 
microcapsules for immunoisolation of pancreatic islets. Biomaterials 27: 5603-5617
[8] Lau J, Jansson L, Carlsson PO (2006) Islets transplanted intraportally into 
the liver are stimulated to insulin and glucagon release exclusively through the 
hepatic artery. American journal of transplantation 6: 967-975
[9] Kanak MA, Takita M, Itoh T, et al. (2014) Alleviation of instant blood-
mediated inflammatory reaction in autologous conditions through treatment of 
human islets with NF-kappaB inhibitors. Transplantation 98: 578-584
[10] Arous C, Ferreira PG, Dermitzakis ET, Halban PA (2015) Short term exposure 
of beta cells to low concentrations of interleukin-1 β improves insulin secretion 
through focal adhesion and actin remodeling and regulation of gene expression. The 
Journal of biological chemistry 290: 6653-6669
[11] Donath MY, Boni-Schnetzler M, Ellingsgaard H, Halban PA, Ehses JA (2010) 
Cytokine production by islets in health and diabetes: cellular origin, regulation and 
function. Trends in endocrinology and metabolism: TEM 21: 261-267
[12] Schonherr E, Hausser HJ (2000) Extracellular matrix and cytokines: a 
functional unit. Developmental immunology 7: 89-101
[13] Lammert E, Gu G, McLaughlin M, et al. (2003) Role of VEGF-A in 
vascularization of pancreatic islets. Current biology 13: 1070-1074
[14] Smink AM, Hertsig DT, Schwab L, et al. (2017) A Retrievable, Efficacious 
Polymeric Scaffold for Subcutaneous Transplantation of Rat Pancreatic Islets. 
Annals of surgery 266: 149-157



34

Chapter 1

[15] Llacua A, de Haan BJ, de Vos P (2017) Laminin and collagen IV inclusion 
in immunoisolating microcapsules reduces cytokine-mediated cell death in human 
pancreatic islets. Journal of tissue engineering and regenerative medicine. DOI: 
10.1002/term.2472
[16] Weber LM, Hayda KN, Haskins K, Anseth KS (2007) The effects of cell-
matrix interactions on encapsulated beta-cell function within hydrogels functionalized 
with matrix-derived adhesive peptides. Biomaterials 28: 3004-3011
[17] Kragl M, Lammert E (2010) Basement membrane in pancreatic islet 
function. Advances in experimental medicine and biology 654: 217-234
[18] Cheng JY, Raghunath M, Whitelock J, Poole-Warren L (2011) Matrix 
components and scaffolds for sustained islet function. Tissue engineering Part B, 
Reviews 17: 235-247
[19] Irving-Rodgers HF, Ziolkowski AF, Parish CR, et al. (2008) Molecular 
composition of the peri-islet basement membrane in NOD mice: a barrier against 
destructive insulitis. Diabetologia 51: 1680-1688
[20] Stendahl JC, Kaufman DB, Stupp SI (2009) Extracellular matrix in pancreatic 
islets: relevance to scaffold design and transplantation. Cell transplantation 18: 1-12
[21] Wang RN, Rosenberg L (1999) Maintenance of β-cell function and survival 
following islet isolation requires re-establishment of the islet-matrix relationship. 
The Journal of endocrinology 163: 181-190
[22] Irving-Rodgers HF, Choong FJ, Hummitzsch K, Parish CR, Rodgers RJ, 
Simeonovic CJ (2014) Pancreatic islet basement membrane loss and remodeling 
after mouse islet isolation and transplantation: impact for allograft rejection. Cell 
transplantation 23: 59-72
[23] 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
[24] Lucas-Clerc C, Massart C, Campion JP, Launois B, Nicol M (1993) Long-
term culture of human pancreatic islets in an extracellular matrix: morphological and 
metabolic effects. Molecular and cellular endocrinology 94: 9-20
[25] Shima H, Inagaki A, Imura T, et al. (2016) Collagen V Is a Potential Substrate 
for Clostridial Collagenase G in Pancreatic Islet Isolation. Journal of diabetes 
research 2016: 4396756
[26] Rosenberg L, Wang R, Paraskevas S, Maysinger D (1999) Structural and 
functional changes resulting from islet isolation lead to islet cell death. Surgery 126: 
393-398
[27] Zeng ZS, Cohen AM, Guillem JG (1999) Loss of basement membrane type 
IV collagen is associated with increased expression of metalloproteinases 2 and 9 
(MMP-2 and MMP-9) during human colorectal tumorigenesis. Carcinogenesis 20: 
749-755
[28] Paredes-Juarez GA, Sahasrabudhe NM, Tjoelker RS, et al. (2015) DAMP 



35

Introduction

1
production by human islets under low oxygen and nutrients in the presence or absence 
of an immunoisolating-capsule and necrostatin-1. Scientific reports 5: 14623
[29] Bonnans C, Chou J, Werb Z (2014) Remodelling the extracellular matrix in 
development and disease. Nature reviews Molecular cell biology 15: 786-801
[30] Tsuchiya H, Sakata N, Yoshimatsu G, et al. (2015) Extracellular Matrix and 
Growth Factors Improve the Efficacy of Intramuscular Islet Transplantation. PloS 
one 10: e0140910
[31] Hubbell JA (2003) Materials as morphogenetic guides in tissue engineering. 
Current opinion in biotechnology 14: 551-558
[32] Rozario T, DeSimone DW (2010) The extracellular matrix in development 
and morphogenesis: a dynamic view. Developmental biology 341: 126-140
[33] Taga M (1992) [Role of growth factors in the regulation of embryo 
development and implantation]. Nihon Sanka Fujinka Gakkai zasshi 44: 939-948 
[article in Japanese]
[34] Sorokin L (2010) The impact of the extracellular matrix on inflammation. 
Nature reviews Immunology 10: 712-723
[35] Lu J, Gu YP, Xu X, Liu ML, Xie P, Song HP (2005) Adult islets cultured in 
collagen gel transdifferentiate into duct-like cells. World journal of gastroenterology 
11: 3426-3430
[36] Labriola L, Montor WR, Krogh K, et al. (2007) Beneficial effects of 
prolactin and laminin on human pancreatic islet-cell cultures. Molecular and cellular 
endocrinology 263: 120-133
[37] Ramos Gde O, Bernardi L, Lauxen I, Sant’Ana Filho M, Horwitz AR, 
Lamers ML (2016) Fibronectin Modulates Cell Adhesion and Signaling to Promote 
Single Cell Migration of Highly Invasive Oral Squamous Cell Carcinoma. PloS one 
11: e0151338
[38] Alismail H, Jin S (2014) Microenvironmental stimuli for proliferation of 
functional islet beta-cells. Cell & bioscience 4: 12
[39] Daoud J, Petropavlovskaia M, Rosenberg L, Tabrizian M (2010) The effect 
of extracellular matrix components on the preservation of human islet function in 
vitro. Biomaterials 31: 1676-1682
[40] Virtanen I, Banerjee M, Palgi J, et al. (2008) Blood vessels of human islets 
of Langerhans are surrounded by a double basement membrane. Diabetologia 51: 
1181-1191
[41] Meyer T, Chodnewska I, Czub S, et al. (1998) Extracellular matrix proteins 
in the porcine pancreas: a structural analysis for directed pancreatic islet isolation. 
Transplantation proceedings 30: 354
[42] Montesano R, Mouron P, Amherdt M, Orci L (1983) Collagen matrix 
promotes reorganization of pancreatic endocrine cell monolayers into islet-like 
organoids. The Journal of cell biology 97: 935-939
[43] Gordon MK, Hahn RA (2009) Collagens. Cell and Tissue Research 339: 



36

Chapter 1

247-257
[44] Mano JF, Silva GA, Azevedo HS, et al. (2007) Natural origin biodegradable 
systems in tissue engineering and regenerative medicine: present status and some 
moving trends. Journal of the Royal Society, Interface / the Royal Society 4: 999-
1030
[45] Kaido T, Yebra M, Cirulli V, Montgomery AM (2004) Regulation of human 
beta-cell adhesion, motility, and insulin secretion by collagen IV and its receptor 
alpha1beta1. The Journal of biological chemistry 279: 53762-53769
[46] White SA, Hughes DP, Contractor HH, London NJ (1999) An investigation 
into the distribution of different collagen types within adult and juvenile porcine 
pancreata. Journal of molecular medicine 77: 79-82
[47] 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
[48] Hughes SJ, Clark A, McShane P, Contractor HH, Gray DW, Johnson PR 
(2006) Characterisation of collagen VI within the islet-exocrine interface of the 
human pancreas: implications for clinical islet isolation? Transplantation 81: 423-
426
[49] Hughes SJ, McShane P, Contractor HH, Gray DW, Clark A, Johnson PR 
(2005) Comparison of the collagen VI content within the islet-exocrine interface of 
the head, body, and tail regions of the human pancreas. Transplantation proceedings 
37: 3444-3445
[50] Kaido T, Yebra M, Cirulli V, Rhodes C, Diaferia G, Montgomery AM (2006) 
Impact of defined matrix interactions on insulin production by cultured human beta-
cells: effect on insulin content, secretion, and gene transcription. Diabetes 55: 2723-
2729
[51] Riopel M, Wang R (2014) Collagen matrix support of pancreatic islet 
survival and function. Frontiers in bioscience 19: 77-90
[52] Weber LM, Anseth KS (2008) Hydrogel encapsulation environments 
functionalized with extracellular matrix interactions increase islet insulin secretion. 
Matrix biology 27: 667-673
[53] Hopf M, Gohring W, Kohfeldt E, Yamada Y, Timpl R (1999) Recombinant 
domain IV of perlecan binds to nidogens, laminin-nidogen complex, fibronectin, 
fibulin-2 and heparin. European journal of biochemistry / 259: 917-925
[54] Cirulli V, Beattie GM, Klier G, et al. (2000) Expression and function of αvβ3 
and αvβ5 integrins in the developing pancreas: roles in the adhesion and migration of 
putative endocrine progenitor cells. The Journal of cell biology 150: 1445-1460
[55] Hynes RO (2002) Integrins: bidirectional, allosteric signaling machines. 
Cell 110: 673-687
[56] Kuhn K, Eble J (1994) The structural bases of integrin-ligand interactions. 



37

Introduction

1
Trends in cell biology 4: 256-261
[57] de Pereda JM, Wiche G, Liddington RC (1999) Crystal structure of a tandem 
pair of fibronectin type III domains from the cytoplasmic tail of integrin alpha6beta4. 
The EMBO journal 18: 4087-4095
[58] Tumova S, Woods A, Couchman JR (2000) Heparan sulfate chains from 
glypican and syndecans bind the Hep II domain of fibronectin similarly despite 
minor structural differences. The Journal of biological chemistry 275: 9410-9417
[59] Johansson S, Svineng G, Wennerberg K, Armulik A, Lohikangas L (1997) 
Fibronectin-integrin interactions. Frontiers in bioscience 2: d126-d146
[60] Atchison NA, Fan W, Papas KK, Hering BJ, Tsapatsis M, Kokkoli E (2010) 
Binding of the fibronectin-mimetic peptide, PR_b, to α5β1 on pig islet cells increases 
fibronectin production and facilitates internalization of PR_b functionalized 
liposomes. Langmuir 26: 14081-14088
[61] Lin HY, Tsai CC, Chen LL, Chiou SH, Wang YJ, Hung SC (2010) Fibronectin 
and laminin promote differentiation of human mesenchymal stem cells into insulin 
producing cells through activating Akt and ERK. Journal of biomedical science 17: 
56
[62] Leite AR, Correa-Giannella ML, Dagli ML, Fortes MA, Vegas VM, 
Giannella-Neto D (2007) Fibronectin and laminin induce expression of islet cell 
markers in hepatic oval cells in culture. Cell Tissue Res 327: 529-537
[63] Miner JH, Yurchenco PD (2004) Laminin functions in tissue morphogenesis. 
Annual review of cell and developmental biology 20: 255-284
[64] Jiang FX, Naselli G, Harrison LC (2002) Distinct distribution of laminin and 
its integrin receptors in the pancreas. The journal of histochemistry and cytochemistry 
50: 1625-1632
[65] Jiang FX, Cram DS, DeAizpurua HJ, Harrison LC (1999) Laminin-1 
promotes differentiation of fetal mouse pancreatic β-cells. Diabetes 48: 722-730
[66] Banerjee M, Virtanen I, Palgi J, Korsgren O, Otonkoski T (2012) Proliferation 
and plasticity of human beta cells on physiologically occurring laminin isoforms. 
Molecular and cellular endocrinology 355: 78-86
[67] Philippe J, Drucker DJ, Knepel W, Jepeal L, Misulovin Z, Habener JF (1988) 
Alpha-cell-specific expression of the glucagon gene is conferred to the glucagon 
promoter element by the interactions of DNA-binding proteins. Molecular and 
cellular biology 8: 4877-4888
[68] Jiang FX, Georges-Labouesse E, Harrison LC (2001) Regulation of laminin 
1-induced pancreatic beta-cell differentiation by α6 integrin and α-dystroglycan. 
Molecular medicine 7: 107-114
[69] Kramer RH (1994) Characterization of laminin-binding integrins. Methods 
in enzymology 245: 129-147
[70] Nomizu M, Kim WH, Yamamura K, et al. (1995) Identification of cell 
binding sites in the laminin α 1 chain carboxyl-terminal globular domain by 



38

Chapter 1

systematic screening of synthetic peptides. The Journal of biological chemistry 270: 
20583-20590
[71] Nomizu M, Kuratomi Y, Song SY, et al. (1997) Identification of cell binding 
sequences in mouse laminin γ1 chain by systematic peptide screening. The Journal 
of biological chemistry 272: 32198-32205
[72] Frith JE, Mills RJ, Hudson JE, Cooper-White JJ (2012) Tailored 
integrin-extracellular matrix interactions to direct human mesenchymal stem cell 
differentiation. Stem cells and development 21: 2442-2456
[73] Kikkawa Y, Hozumi K, Katagiri F, Nomizu M, Kleinman HK, Koblinski JE 
(2013) Laminin-111-derived peptides and cancer. Cell adhesion & migration 7: 150-
256
[74] Bogdani M, Simeonovic C, Nagy N, Johnson PY, Chan CK, Wight TN 
(2015) The detection of glycosaminoglycans in pancreatic islets and lymphoid 
tissues. Methods in molecular biology 1229: 413-430
[75] Iozzo RV (1998) Matrix proteoglycans: from molecular design to cellular 
function. Annual review of biochemistry 67: 609-652
[76] Takahashi I, Noguchi N, Nata K, et al. (2009) Important role of heparan 
sulfate in postnatal islet growth and insulin secretion. Biochemical and biophysical 
research communications 383: 113-118
[77] Hull RL, Zraika S, Udayasankar J, et al. (2007) Inhibition of 
glycosaminoglycan synthesis and protein glycosylation with WAS-406 and azaserine 
result in reduced islet amyloid formation in vitro. American journal of physiology 
Cell physiology 293: C1586-C1593
[78] Potter KJ, Werner I, Denroche HC, et al. (2015) Amyloid formation in 
human islets is enhanced by heparin and inhibited by heparinase. American journal 
of transplantation 15: 1519-1530
[79] De Carufel CA, Nguyen PT, Sahnouni S, Bourgault S (2013) New 
insights into the roles of sulfated glycosaminoglycans in islet amyloid polypeptide 
amyloidogenesis and cytotoxicity. Biopolymers 100: 645-655
[80] Riopel M, Stuart W, Wang R (2013) Fibrin improves beta (INS-1) cell 
function, proliferation and survival through integrin αvβ3. Acta biomaterialia 9: 
8140-8148
[81] Riopel M, Trinder M, Wang R (2015) Fibrin, a scaffold material for islet 
transplantation and pancreatic endocrine tissue engineering. Tissue engineering Part 
B, Reviews 21: 34-44
[82] Andrades P, Asiedu C, Rodriguez C, et al. (2007) Insulin secretion from 
pancreatic islets in fibrin glue clots at different fibrinogen and thrombin concentrations. 
Transplantation proceedings 39: 1607-1608
[83] Park SH, Park SR, Chung SI, Pai KS, Min BH (2005) Tissue-engineered 
cartilage using fibrin/hyaluronan composite gel and its in vivo implantation. Artificial 
organs 29: 838-845



39

Introduction

1
[84] Najjar M, Manzoli V, Abreu M, et al. (2015) Fibrin gels engineered with pro-
angiogenic growth factors promote engraftment of pancreatic islets in extrahepatic 
sites in mice. Biotechnology and bioengineering 112: 1916-1926
[85] Li Y, Meng H, Liu Y, Lee BP (2015) Fibrin gel as an injectable biodegradable 
scaffold and cell carrier for tissue engineering. TheScientificWorldJournal 2015: 
685690
[86] Smink AM, Li S, Hertsig DT, et al. (2017) The Efficacy of a Prevascularized, 
Retrievable Poly(D,L,-lactide-co-epsilon-caprolactone) Subcutaneous Scaffold as 
Transplantation Site for Pancreatic Islets. Transplantation 101: e112-e119
[87] Smink AM, Li S, Swart DH, et al. (2017) Stimulation of vascularization 
of a subcutaneous scaffold applicable for pancreatic islet-transplantation enhances 
immediate post-transplant islet graft function but not long-term normoglycemia. 
Journal of biomedical materials research Part A 105: 2533-2542
[88] Kim JS, Lim JH, Nam HY, et al. (2012) In situ application of hydrogel-
type fibrin-islet composite optimized for rapid glycemic control by subcutaneous 
xenogeneic porcine islet transplantation. Journal of controlled release : official 
journal of the Controlled Release Society 162: 382-390
[89] Parnaud G, Bosco D, Berney T, et al. (2008) Proliferation of sorted human 
and rat beta cells. Diabetologia 51: 91-100
[90] Meda P (2013) Protein-mediated interactions of pancreatic islet cells. 
Scientifica 2013: 621249
[91] Rutti S, Sauter NS, Bouzakri K, Prazak R, Halban PA, Donath MY (2012) In 
vitro proliferation of adult human beta-cells. PloS one 7: e35801
[92] Gui GP, Puddefoot JR, Vinson GP, Wells CA, Carpenter R (1995) In vitro 
regulation of human breast cancer cell adhesion and invasion via integrin receptors 
to the extracellular matrix. The British journal of surgery 82: 1192-1196
[93] Ruoslahti E (1996) RGD and other recognition sequences for integrins. 
Annual review of cell and developmental biology 12: 697-715
[94] Podolnikova NP, Yakovlev S, Yakubenko VP, Wang X, Gorkun OV, Ugarova 
TP (2014) The interaction of integrin αIIbβ3 with fibrin occurs through multiple 
binding sites in the αIIb β -propeller domain. The Journal of biological chemistry 
289: 2371-2383
[95] 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
[96] Chiquet M (1999) Regulation of extracellular matrix gene expression by 
mechanical stress. Matrix biology 18: 417-426
[97] Muhl H, Pfeilschifter J (2003) Anti-inflammatory properties of pro-
inflammatory interferon- γ. International immunopharmacology 3: 1247-1255
[98] Hammar EB, Irminger JC, Rickenbach K, et al. (2005) Activation of NF- 
κB by extracellular matrix is involved in spreading and glucose-stimulated insulin 



40

Chapter 1

secretion of pancreatic β-cells. The Journal of biological chemistry 280: 30630-
30637
[99] Chen Q, Jin M, Yang F, Zhu J, Xiao Q, Zhang L (2013) Matrix 
metalloproteinases: inflammatory regulators of cell behaviors in vascular formation 
and remodeling. Mediators of inflammation 2013: 928315
[100] Schonbeck U, Mach F, Libby P (1998) Generation of biologically active 
IL-1β by matrix metalloproteinases: a novel caspase-1-independent pathway of IL-
1βprocessing. Journal of immunology 161: 3340-3346
[101] Frisch SM, Francis H (1994) Disruption of epithelial cell-matrix interactions 
induces apoptosis. The Journal of cell biology 124: 619-626
[102] Cirulli V (2015) Cadherins in islet β-cells: more than meets the eye. Diabetes 
64: 709-711
[103] Hamamoto Y, Fujimoto S, Inada A, et al. (2003) Beneficial effect of 
pretreatment of islets with fibronectin on glucose tolerance after islet transplantation. 
Hormone and metabolic research 35: 460-465
[104] Hull RL, Bogdani M, Nagy N, Johnson PY, Wight TN (2015) Hyaluronan: 
A Mediator of Islet Dysfunction and Destruction in Diabetes? The journal of 
histochemistry and cytochemistry 63: 592-603
[105] Kim SH, Turnbull J, Guimond S (2011) Extracellular matrix and cell 
signalling: the dynamic cooperation of integrin, proteoglycan and growth factor 
receptor. The Journal of endocrinology 209: 139-151
[106] Li H, Liang J, Castrillon DH, DePinho RA, Olson EN, Liu ZP (2007) 
FoxO4 regulates tumor necrosis factor alpha-directed smooth muscle cell migration 
by activating matrix metalloproteinase 9 gene transcription. Molecular and cellular 
biology 27: 2676-2686
[107] Wang Z, Kong L, Kang J, et al. (2011) Interleukin- lβ induces migration of 
rat arterial smooth muscle cells through a mechanism involving increased matrix 
metalloproteinase-2 activity. The Journal of surgical research 169: 328-336
[108] Cheng G, Wei L, Xiurong W, Xiangzhen L, Shiguang Z, Songbin F (2009) 
IL-17 stimulates migration of carotid artery vascular smooth muscle cells in an 
MMP-9 dependent manner via p38 MAPK and ERK1/2-dependent NF- κB and 
AP-1 activation. Cellular and molecular neurobiology 29: 1161-1168
[109] Robinson SC, Scott KA, Balkwill FR (2002) Chemokine stimulation of 
monocyte matrix metalloproteinase-9 requires endogenous TNF-α. European journal 
of immunology 32: 404-412
[110] El Azzouzi K, Wiesner C, Linder S (2016) Metalloproteinase MT1-MMP 
islets act as memory devices for podosome reemergence. The Journal of cell biology 
213: 109-125
[111] Dimas G, Iliadis F, Grekas D (2013) Matrix metalloproteinases, 
atherosclerosis, proteinuria and kidney disease: Linkage-based approaches. 
Hippokratia 17: 292-297



Introduction

1

41

[112] Perez SE, Cano DA, Dao-Pick T, Rougier JP, Werb Z, Hebrok M (2005) 
Matrix metalloproteinases 2 and 9 are dispensable for pancreatic islet formation and 
function in vivo. Diabetes 54: 694-701
[113] Fowlkes JL, Thrailkill KM, Serra DM, Suzuki K, Nagase H (1995) 
Matrix metalloproteinases as insulin-like growth factor binding protein-degrading 
proteinases. Progress in growth factor research 6: 255-263
[114] Klapholz B, Herbert SL, Wellmann J, Johnson R, Parsons M, Brown NH 
(2015) Alternative mechanisms for talin to mediate integrin function. Current 
biology 25: 847-857
[115] Riopel M, Krishnamurthy M, Li J, Liu S, Leask A, Wang R (2011) Conditional 
β1-integrin-deficient mice display impaired pancreatic β cell function. The Journal 
of pathology 224: 45-55
[116] Korpos E, Kadri N, Kappelhoff R, et al. (2013) The peri-islet basement 
membrane, a barrier to infiltrating leukocytes in type 1 diabetes in mouse and human. 
Diabetes 62: 531-542
[117] Kantengwa S, Baetens D, Sadoul K, Buck CA, Halban PA, Rouiller DG 
(1997) Identification and characterization of α3β1integrin on primary and transformed 
rat islet cells. Experimental cell research 237: 394-402
[118] Wang R, Li J, Lyte K, Yashpal NK, Fellows F, Goodyer CG (2005) Role 
for beta1 integrin and its associated α3, α5, and α6 subunits in development of the 
human fetal pancreas. Diabetes 54: 2080-2089
[119] Wang RN, Paraskevas S, Rosenberg L (1999) Characterization of integrin 
expression in islets isolated from hamster, canine, porcine, and human pancreas. The 
journal of histochemistry and cytochemistry 47: 499-506
[120] Guo W, Giancotti FG (2004) Integrin signalling during tumour progression. 
Nature reviews Molecular cell biology 5: 816-826
[121] Brizzi MF, Tarone G, Defilippi P (2012) Extracellular matrix, integrins, and 
growth factors as tailors of the stem cell niche. Current opinion in cell biology 24: 
645-651
[122] Campos LS (2005) β1 integrins and neural stem cells: making sense of the 
extracellular environment. BioEssays 27: 698-707
[123] Diaferia GR, Jimenez-Caliani AJ, Ranjitkar P, et al. (2013) beta1 integrin is 
a crucial regulator of pancreatic beta-cell expansion. Development 140: 3360-3372
[124] Bosco D, Meda P, Halban PA, Rouiller DG (2000) Importance of cell-matrix 
interactions in rat islet beta-cell secretion in vitro: role of alpha6beta1 integrin. 
Diabetes 49: 233-243
[125] Krishnamurthy M, Li J, Al-Masri M, Wang R (2008) Expression and function 
of alphabeta1 integrins in pancretic beta (INS-1) cells. Journal of cell communication 
and signaling 2: 67-79
[126] Yoshida T, Akatsuka T, Imanaka-Yoshida K (2015) Tenascin-C and integrins 
in cancer. Cell adhesion & migration 9: 96-104



42

Chapter 1

[127] Kolanus W, Seed B (1997) Integrins and inside-out signal transduction: 
converging signals from PKC and PIP3. Current opinion in cell biology 9: 725-731
[128] Comoglio PM, Boccaccio C, Trusolino L (2003) Interactions between 
growth factor receptors and adhesion molecules: breaking the rules. Current opinion 
in cell biology 15: 565-571
[129] van der Merwe Y, Steketee MB (2016) Immunomodulatory approaches to 
CNS injury: extracellular matrix and exosomes from extracellular matrix conditioned 
macrophages. Neural regeneration research 11: 554-556
[130] Ariel A, Yavin EJ, Hershkoviz R, et al. (1998) IL-2 induces T cell adherence 
to extracellular matrix: inhibition of adherence and migration by IL-2 peptides 
generated by leukocyte elastase. Journal of immunology 161: 2465-2472
[131] Kim MJ, Cotman SL, Halfter W, Cole GJ (2003) The heparan sulfate 
proteoglycan agrin modulates neurite outgrowth mediated by FGF-2. Journal of 
neurobiology 55: 261-277
[132] Wang C, Guan Y, Yang J (2010) Cytokines in the Progression of Pancreatic 
β-Cell Dysfunction. International journal of endocrinology 2010: 515136
[133] Hildebrand A, Romaris M, Rasmussen LM, et al. (1994) Interaction of the 
small interstitial proteoglycans biglycan, decorin and fibromodulin with transforming 
growth factor beta. The Biochemical journal 302 ( Pt 2): 527-534
[134] Amano S, Akutsu N, Ogura Y, Nishiyama T (2004) Increase of laminin 5 
synthesis in human keratinocytes by acute wound fluid, inflammatory cytokines and 
growth factors, and lysophospholipids. The British journal of dermatology 151: 961-
970
[135] Fritchley SJ, Kirby JA, Ali S (2000) The antagonism of interferon-gamma 
(IFN-gamma) by heparin: examination of the blockade of class II MHC antigen and 
heat shock protein-70 expression. Clinical and experimental immunology 120: 247-
252
[136] Clarke D, Katoh O, Gibbs RV, Griffiths SD, Gordon MY (1995) Interaction of 
interleukin 7 (IL-7) with glycosaminoglycans and its biological relevance. Cytokine 
7: 325-330
[137] Migliorini E, Thakar D, Kuhnle J, et al. (2015) Cytokines and growth factors 
cross-link heparan sulfate. Open biology 5: 150046
[138] Hildebrand A, Romaris M, Rasmussen LM, et al. (1994) Interaction of the 
small interstitial proteoglycans biglycan, decorin and fibromodulin with transforming 
growth factor beta. The Biochemical journal 302 ( Pt 2): 527-534
[139] Hammar E, Parnaud G, Bosco D, et al. (2004) Extracellular matrix protects 
pancreatic β-cells against apoptosis: role of short- and long-term signaling pathways. 
Diabetes 53: 2034-2041
[140] Cnop M, Welsh N, Jonas JC, Jorns A, Lenzen S, Eizirik DL (2005) 
Mechanisms of pancreatic beta-cell death in type 1 and type 2 diabetes: many 
differences, few similarities. Diabetes 54 Suppl 2: S97-107



43

Introduction

1
[141] de Haan BJ, Faas MM, Spijker H, van Willigen JW, de Haan A, de Vos P 
(2004) Factors influencing isolation of functional pancreatic rat islets. Pancreas 29: 
e15-e22
[142] de Haan BJ, Faas MM, de Vos P (2003) Factors influencing insulin secretion 
from encapsulated islets. Cell transplantation 12: 617-625
[143] de Vos P, van Hoogmoed CG, van Zanten J, Netter S, Strubbe JH, Busscher 
HJ (2003) Long-term biocompatibility, chemistry, and function of microencapsulated 
pancreatic islets. Biomaterials 24: 305-312
[144] de Vos P, de Haan BJ, de Haan A, van Zanten J, Faas MM (2004) Factors 
influencing functional survival of microencapsulated islet grafts. Cell transplantation 
13: 515-524
[145] Mizushima H, Takamura H, Miyagi Y, et al. (1997) Identification of integrin-
dependent and -independent cell adhesion domains in COOH-terminal globular 
region of laminin-5 α3 chain. Cell growth & differentiation 8: 979-987



Extracellular matrix components supporting human 
islet function in alginate-based immunoprotective 

microcapsules for treatment of diabetes

Chapter 2
L. Alberto Llacua | Bart J. de Haan | Sandra A. Smink | Paul de Vos

Immunoendocrinology, Department of Pathology and Medical biology, 

University of Groningen, Hanzeplein 1, 9700 RB Groningen, The 

Netherlands.



Extracellular matrix components supporting human 
islet function in alginate-based immunoprotective 

microcapsules for treatment of diabetes

Chapter 2
L. Alberto Llacua | Bart J. de Haan | Sandra A. Smink | Paul de Vos

Immunoendocrinology, Department of Pathology and Medical biology, 

University of Groningen, Hanzeplein 1, 9700 RB Groningen, The 

Netherlands.



46

Chapter 2

Abstract
In the pancreas, extracellular matrix (ECM) components play an import role 

in providing mechanical and physiological support, and also contribute to 

the function of islets. These ECM-connections are damaged during islet-

isolation from the pancreas and are not fully recovered after encapsulation 

and transplantation. To promote the functional survival of human pancreatic 

islets, we tested different ECMs molecules in alginate-encapsulated human 

islets. These were laminin derived recognition sequences, IKVAV, RGD, LRE, 

PDSGR, collagen I sequence DGEA (0.01-1.0 mM), and collagen IV (50-

200 µg/ml). Interaction with RGD and PDSGR promoted islet viability and 

glucose induced insulin secretion (GIIS) when it was applied at concentrations 

ranging from 0.01- 1.0 mM (p<0.05). Also, the laminin sequence LRE 

contributed to enhanced GIIS but only at higher concentrations of 1 mM 

(p<0.05). Collagen IV also had beneficial effects but only at 50 µg/ml and 

no further improvement was observed at higher concentrations. IKVAV and 

DGEA had no effects on human islets. Synergistic effects were observed by 

adding Collagen(IV)-RGD, Collagen(IV)-LRE, and Collagen(IV)-PDSGR to 

encapsulated human islets. Our results demonstrate the potential of specific 

ECM components in support of functional survival of human encapsulated 

and free islet grafts.

Key words: pancreatic islets, extracellular matrix, laminin, encapsulation, 

glucose induced insulin secretion
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Introduction
The use of therapeutic cells within semi-permeable immunoprotective 

capsules is proposed as a potential therapeutic option for many disorders in 

which a minute-to-minute regulation of metabolites is required [1]. The proof 

of principle of cell encapsulation has been demonstrated in a wide variety 

of diseases, including parathyroid cells [2], hemophilia B [3], anemia [4], 

dwarfism [5], kidney and liver failure [6, 7], pituitary and central nervous 

system insufficiencies [2, 8], and for treatment of type 1 diabetes [9-11]. 

During encapsulation, living cells are suspended in biomaterials, such as 

alginate [12, 13], agarose [12, 14], poly (ethylene glycol) (PEG) [15], or poly 

(vinyl alcohol)[16]. The cells-biomaterial suspension are transferred into 

droplets, and processed by specific procedures to create immunoprotective 

membranes [17]. The advantages of the system are, besides the ability of 

minute-to-minute regulation of metabolites, that the technique allows for 

transplantation in the absence of harsh immunosuppressive protocols and that 

it might provide a solution for the world-wide donor shortage since it allows 

for xenografting [18, 19].

 Encapsulation in immunoprotective membranes has advanced rapidly 

in the field of islet transplantation for the cure of diabetes [20]. Successful 

efficacy studies have been performed in rodents [11, 21], large and small 

mammals [21], and even in humans [22]. However, a consistent issue with 

encapsulated grafts is the limited grafts survival time. Reportedly, graft 

survival varies from several days to months but is never permanent [23]. 

Many factors have been discussed as causative for this limited duration of 

graft survival such as low oxygen supply in the transplantation site [24], 

differences in biocompatibility of the applied capsules, and loss of islet cells 

due to inflammatory responses against islet-cell components [23, 25-27]. 

However even with adequate external oxygen supply [28], and in the absence 
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of any tissue response, graft survival is limited to periods of 42 till 200 days 

[29]. This implies that other factors also contribute to the limited duration of 

functional survival of islets in capsules.

A factor that might influence functional survival is the quality of 

the intracapsular environment and absence of specific extracellular matrix 

molecules (ECM). Islets in the pancreas have an extensive network of ECM 

molecules of a specific composition, which are involved in maintenance 

of survival and normal function of the tissue [30]. This network of ECM 

molecules are damaged during isolation of pancreatic islets by application 

of enzymes that selective breakdown the ECM molecules that connect the 

endocrine and exocrine tissue in the pancreas [31]. The most essential ECM 

structures in islet function are collagen type I and IV, and laminins [30]. 

The amount of collagen type VI expressed in islet–exocrine interface and 

basement membrane of islets regulates fibronectin assembly by restraining 

cell–fibronectin interactions [30, 32]. This influences cell functions such as 

migration [33]. Enzyme induced damage to collagen type VI in islets leads 

to recruitment of tensin at the fibrillar adhesion points via the activation of 

myosin light chain kinases (MLCKs), which mediate actomyosin contractility, 

extensive fibrillogenesis, and uncontrolled cell migration [33, 34]. 

Laminins are also essential [30, 32]; most of the functional studies 

with laminin have been performed with other epithelial cell sources than 

islet-cells. The tripeptide RGD is one of the most extensively studied laminin 

molecule [35]. RGD can be found in many ECM molecules involved in 

anchorage of cells, such as in fibronectin. This anchorage prevents a variant 

of apoptosis called anoikis in for example undifferentiated human intestinal 

epithelial crypt (HIEC) cells through the recruitment of vinculin and the 

activation of the PI3K–AKT signaling pathway [34]. Other known laminin 

adhesion sequences with possible beneficial effects for cell-survival are the 
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proteins that contains IKLLI [36], IKVAV [37], LRE [38], and PDSGR [39]. 

However, minor knowledge is available about the beneficial effect of these 

ligands for islet-cells. 

In the present study, we investigated the effect of addition of type I 

collagen α1(I)-CB3 fragment (DGEA) and full type IV, also the synthetic 

laminin peptides such as IKLLI, IKVAV, LRE, and PDSGR on the functional 

survival of encapsulated human pancreatic islets in vitro. The ultimate goal of 

this study is to select ECM molecules that might promote functional survival 

of islets cells in capsules for immunoisolation of human pancreatic islets. We 

concentrated as much as possible on synthetic sequences of ECM components 

to facilitate reproducibility and regulatory matters. Functional survival was 

studied by determining the glucose induced insulin response (GIIS) and the 

oxygen consumption rate.

Material and methods
Study design

Extracellular matrix (ECM) components were added to human pancreatic 

islets enveloped in alginate based microcapsules. As reportedly, collagen 

type IV and the laminin types such as Laminin 111, 332, 411-421, and 

511-521 might supports islet function [9, 30, 40], graded loads of the full 

or active sequences of these ECM components were added and tested in 

microencapsulated human islets. The active laminin sequences; IKVAV, 

RGD, LRE, PDSGR, and type I collagen α1 (I)-CB3 fragment (DGEA) 

synthesized by GenScript Corporation (Piscataway, USA) were tested in 

concentrations of 0.01, 0.1, and 1 mM respectively (n=6). Also, collagen type 

IV was tested at concentrations of 0.311, 0.621, and 1.242 x 10-3 mM (50, 100, 

200 µg/ml) (n=5). After determining the most optimal concentration, ECM 

components were combined. Effects were determined at 3, 5, and 7 days after 
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addition of ECM combinations to the intracapsular environment of alginate 

microcapsules.

 Functional effects were determined by subjecting the islets to a 

glucose induced insulin secretion (GIIS) test. In selected experiments live/

dead staining was applied and measured at day 3, 5, and 7. Additionally, 

oxygen consumption rate (OCR) determinations were performed after 72h of 

incubation.

Human pancreatic islet isolation

Human islets were ordered from Prodo Laboratories Inc. (Irvine, USA). A 

dithizone (Merck, USA) staining was performed before shipment to determine 

the purity. Islets were shipped to the Groningen University Medical Center 

(Groningen, The Netherlands). After shipment islets were handpicked and 

washed five times with CMRL 1066 (Gibco, USA) before culture. 

Alginate purification 

Intermediate-G sodium alginate (44% G-chains, 56% M-chains, 23% GG-

chains, 21% GM-chains, 37% MM-chains) obtained from ISP Alginates (Ltd, 

UK) was dissolved at 4°C in a 1 mM sodium EGTA solution, and filtered over 

5.0, 1.2, 0.8, and 0.45 μm filters (Corning®, USA). The pH of the solution 

was carefully adjusted to 2.0 by addition of 2N HCl. Proteins were removed 

by extraction with chloroform/butanol (4:1). Next, the alginic acid was slowly 

adjusted to pH 7.0 by slowly adding 0.5 N NaOH. The obtained alginate 

solution was subjected to a chloroform/butanol (4:1) extraction inducing 

the formation of a separate chloroform/butanol phase by centrifugation. The 

supernatant was removed by aspiration. The alginate was suspended in cold 

ethanol for 10 min and washed twice, until all alginate had precipitated. 

Finally, the alginate was washed three times with twice the volume of diethyl 
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ether and freeze-dried overnight [41, 42].

Microencapsulation and extracellular matrix building

Purified alginate was mixed with the appropriate extracellular matrix 

components by physical entrapment within 3.4% purified alginate (Table 

1). The alginate-matrix was mixed with human pancreatic islets in a ratio 

of 800 islets per ml alginate-ECM mixture. Alginate-solutions without ECM 

components served as control. Subsequently the solution was converted into 

droplets using an air-driven droplet generator as previously described [1, 24, 

43]. Droplets were gelled in 100 mM CaCl2 solution for at least 10 min [44]. 

The diameters of the droplets were between 500-600 µm and were controlled 

by a regulated air-flow around the tip of needle. All droplets were washed 

with KRH buffer containing 2.5 mM CaCl2 for 2 min; subsequently, were 

cultured 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 till further use [45-47].

Table I.  ECM components tested with human islets.

ECM protein Vendor
Molecular   

Weights (Da)

Tested 
concentrations 

(mM)
IKVAV GenScript[a] 529.0 0.01, 0.1, and 1
RGD Sigma[b] 346.34 0.01, 0.1, and 1
LRE GenScript[a] 457.53 0.01, 0.1, and 1
PDSGR GenScript[a] 571.59 0.01, 0.1, and 1 
DGEA Sigma[b] 390.35 0.01, 0.1, and 1
Collagen, type 
IV Sigma 160,615 0.311, 0.621 and 

1.242 x 10-3

[a] Synthetic peptides of >95% and [b] ≥97% purity were used to test the biological 
activity.
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Glucose-stimulated insulin secretion of encapsulated islet

Islets were tested for glucose stimulated insulin secretion at day 3, 5, and 

7 after encapsulation. The 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 of (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, the 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 

[1]. Finally, insulin concentrations were calculated through the interpolation 

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.

Live-dead staining 

Viability of encapsulated islet was test using a LIVE/DEAD Cell Viability/

Cytotoxicity assay Kit (InvitroGen, USA). To this end, a stock solution of 

Calcein AM (4 mM) and Ethidium homodimer (EthD) (2 mM) was added. 

Encapsulated islets were incubated at room temperature for 30 min in 

darkness, and then washed with Krebs–Ringer–Hepes (KRH), pH 7.4 prior to 

imaging. Live cells were identified by green fluorescence (Ext/Abs 490/515 

nm) while dead cells were recognized by red fluorescence upon binding of 
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ethidium homodimer to exposed DNA (Ext/Abs 528/617 nm).[48]

 Fluorescent confocal microscopy was applied to study islets stained 

with either assay within alginate capsules. Stained islet-cells were manually 

counted in images (n≥3) of each sample. Data viability was expressed as 

the percentages of live cells relative to the total number of stained cells and 

analyzed by Imaris 664 version 7.6.4 software [41].

Islet oxygen consumption rate

The oxygen consumption rate (OCR) was measured in human pancreatic 

islet using the extracellular flux analyzer XF24 (Seahorse Bioscience, USA), 

as previously described in detail [49]. This was done after removal of the 

alginate capsule with 25 mM citrate solution at 37°C as this interfered with 

the measurements. After that, between 120-160 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 one washing step with RPMI (Gibco, USA) 

islets were resuspended in 2 ml of modified XF assay media (MA media) at 

37°C, supplemented with containing 3 mM glucose, 1% FCS used in the XF 

analysis. Islets were subsequently plated by pipetting 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, provided 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. To adjust for 

the variation in islet number, OCR of each individual well was normalized 

for DNA content. Data was expressed as normalized oxygen consumption 

rate at intervals of approximately 5-8 minutes OCR/DNA (pmol O2·min–

1·µgDNA-1), to compare different experimental conditions, and analyzed by 

Seahorse XF24 software. An initial drift in OCR was typically observed in 
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the first 1–2 measurements until steady state was reached. Therefore, these 

initial data points were always disregarded.

Statistical analysis

Results were expressed as mean ± standard error of the mean (SEM). Normal 

distribution of the data sets was determined using the Kolmogorov-Smirnov 

test. If the data sets were not normally distributed, they were log transformed 

and reanalyzed using the Kolmogorov-Smirnov test. Statistical comparisons 

between experimental conditions in each study were performed by two-tailed 

ANOVA using GraphPad Prism 5.0. P-values <0.05 were considered to be 

statistically significant.

Results
Single synthetic laminin peptides and GIIS of encapsulated human islets

A selection of laminin sequences known to be present in islets in the native 

pancreas, i.e. IKVAV, RGD, LRE, and PDSGR [30, 50] were tested for 

potential beneficial effects on encapsulated human pancreatic islets (Table 

2). Also, type I collagen α1 (I)-CB3 fragment (DGEA) was studied in this 

comparison. Graded loads of 0.01, 0.1, and 1 mM were tested. The effects of 

individual ECM components on human islet GIIS were tested at 3, 5, and 7 

days after encapsulation.  

 The GIIS for islets encapsulated with and without ECM proteins are 

shown in Figure 1. The stimulated insulin secretion at day 3 was statistically 

significantly enhanced by 1 mM RGD (p<0.001), 0.1 mM LRE (p<0.05), 1 

and 0.01 mM PDSGR (p<0.05, p<0.001). The most pronounced effect was 

obtained with RGD where a two and half fold increase of GIIS was observed. 

At day 5 only islets encapsulated with 1 mM RGD (p<0.05) and 0.01 mM 

PDSGR (p<0.005) demonstrated a statistically enhanced response when 
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compared to controls (Fig. 1B). At day 7, the GIIS of the controls were two-

fold reduced compared to day 3. However, also here we found statistically 

significant enhanced responses of islets in capsules containing either 0.1 mM 

or 0.01 mM RGD (p<0.001, p<0.05), 1 and 0.1 mM LRE (p<0.005, p<0.03), 

and 0.01 mM PDSGR (p<0.05) (Fig. 1C). In addition, islets in capsules 

containing 1 mM LRE showed an increase of GIIS over two and half fold 

compared to controls.

Table II.  Matrix proteins and laminin peptide sequences incorporate 
into encapsulated human islets. 

Matrix proteins ECM protein/
localization Receptor details

IKVAV Laminin 111 110kda laminin receptor 
protein

RGD Laminin 511 α5β3, α5β1
LRE Laminin γ1 Unknown
PDSGR Laminin 511-β1 Unknown
DGEA Type I collagen α1 α2β1

Collagen, type IV Human placenta tissue 400 nm long chain, 
nonfibrillar: α1β1 α1β2
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Figure 1. Glucose stimulated insulin secretion of human islets encapsulated in 
alginate based capsules with incorporated IKVAV, RGD, LRE, DGE, and PDSGR 
at concentrations of 0.01 mM, 0.1 mM and 1 mM. Independent sets of 25 islets for 
each condition were treated with low (2.75 mM, LG1 and LG2) and high (16.5 mM, 
HG) glucose for 1 hour at day 3(A), day 5 (B), and day 7 (C). Values represent mean 
± SEM. *, **, #, ## and γ indicate statistical significant differences (p < 0.05) when 
compared to control islets (n=5, different donors).
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Effect of collagen type IV on GIIS of encapsulated human islets
Collagen type IV is reportedly an essential component of the peri-islet area 
of human islets [51] and contributes to β-cell motility [52], and is largely 
destroyed during the enzymatic isolation of the islets from the pancreas [30]. 
Therefore, it was investigated whether addition of graded loads of human 
collagen IV enhances the GIIS of microencapsulated human islets. To this end, 
50, 100, and 200 µg/ml of collagen type IV was built into the intracapsular 
environment.
 As shown in Figure 2, an elevation of over two times fold on GIIS 
within 50 µg/ml (p<0.01) and, around one an half times fold with 100µg/
ml in encapsulated islets entrapped collagen type IV was observed at day 3. 
Higher concentrations of collagen type IV did not further enhance the GIIS. It 
even decreased compared to islets exposed to 50 µg/ml collagen type IV but 
never came below the GIIS of the control islets. Also at day 5 and 7, we found 
a two-fold increase of GIIS for 50 µg/ml, and a one and half fold increase 
for 100 µg/ml collagen type IV (p<0.05). Interestingly, encapsulated islets 
entrapped within 50 µg/ml collagen type IV enhance their GIIS at least two-
fold over the culture days in comparison to encapsulated islets in just alginate 
without any ECM.
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Figure 2. Glucose induced insulin 
secretion from encapsulated 
human islets with incorporated 
collagen type IV concentration. 
Independent sets of 25 islets for 
each condition were treated with 
low (2.75 mM, LG1 and LG2) and 
high (16.5 mM, HG) glucose for 1 
hour at day 3 (A), 5 (B), and day 7 
(C). Values represent mean ± 
SEM. * indicates statistical 
significant differences       (p<0.05) 
when compared to control islets 
(n=4, different donors).
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Synergistic effects of ECM combinations on human islets

From the foregoing follows that GIIS stimulating effects were consistently 

observed for RGD, LRE, and PDSGR at all days tested. To determine whether 

the effects are synergistic we combined 50 µg/ml collagen type IV with either 

the stimulating laminin sequences 0.01 mM RGD, 1 mM LRE, and 0.01 mM 

PDSGR. As shown in figure 3, at day 3 some synergistic effects were observed 

for the combination of 50 µg/ml collagen type IV and 1 mM LRE (p<0.01). In 

all cases the GIIS was better maintained during the 7 days culture period than 

in islets encapsulated without ECM components. The effects were however 

dependent on the duration of culture. Addition of 1 mM LRE in combination 

with 50 µg/ml collagen type IV had the most pronounced effects on GIIS at 

day 3. Both the basal and stimulated insulin secretion was consistently higher 

in capsules containing this combination of ECM components. Although, the 

stimulating effect remained it was less pronounced at day 5 and 7. As of day 

5, 50 µg/ml collagen type IV and 0.01 mM RGD (p<0.01) as well as 50 µg/

ml collagen type IV and 0.01 mM PDSGR (p<0.001) had a stimulating effect 

similar to that of collagen type IV and 1 mM LRE.
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Figure 3. Glucose induced 
insulin secretion of human islets 
encapsulated in alginate-based capsules 
supplemented with combinations of 
ECM proteins. Capsules contained 
combinations of 50 µg/ml collagen type 

IV with 0.01 mM RGD, 0.1 mM LRE, 

or 0.01mM PDSGR were treated with 

low (2.75 mM, LG1 and LG2) and high 

(16.5 mM, HG) glucose for 1 hour at 

day 3(A), day 5 (B), and day 7(C). 

Values represent mean ± SEM. *, **, 

and *** indicates statistical significant 

differences (p <0.05) when compared to 

control islets (n=5, different donors).
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Cell viability and oxygen consumption rate of human islets in alginate 

capsules with ECM

We determined whether the differences in function could be explained by 

differences in cell-survival within islets and/or whether the addition of ECM 

impacts the oxygen consumption rate of islets. A higher oxygen consumption 

rate reflects a better function and is correlated with a higher success rate of 

islets after implantation [53, 54].

 Figure 4 demonstrates that the percentage of living cells in the islets 

encapsulated in capsules containing 50 µg/ml collagen type IV with either 

laminin sequences 0.01 mM RGD, 1 mM LRE, and 0.01 mM PDSGR was 

always higher than in pancreatic islets in the control capsules without ECM 

molecules. At day 3, the percentage of living cells was statistical significantly 

higher with 50 µg/ml collagen type IV and 0.01 mM RGD (81.1% (p<0.05)) 

and 50 µg/ml collagen type IV and 1 mM LRE (83.2% (p<0.03)), than with 

the combination of 50 µg/ml collagen type IV with 0.01 mM PDSGR (78.6%). 

At day 5 a general drop in viability was observed. However, also here and at 

day 7 the survival rates of islet-cells in capsules was consistently higher in 

capsules with ECM molecules compared to controls without ECM molecules 

and reached statistical significant differences in case of 50 µg/ml collagen 

type IV with 0.01 mM PDSG enhancing the percentage of living cells from 

62.5% to 77.4% (p<0.05). The combination of 50 µg/ml collagen type IV with 

1 mM LRE, and 50 µg/ml collagen type IV with 0.01 mM RGD enhanced 

survival rates of islet-cells from 62.5% to 75.9% and 75.2% respectively, 

however this did not reach statistical significance. Islets in capsules without 

ECM functionality exhibited a cell survival of only 62.5% after 7 days.

The oxygen consumption rate (OCR) was only determined at 72 

hours as large numbers of islets were required. As shown in figure 5, addition 

of ECM does enhance OCR but this only reached statistical significant 



62

Chapter 2

differences with 50 µg/ml collagen type IV with 1 mM LRE. As shown in 

Figure 5, the OCR was 76.7 pmol O2·min-1.mgDNA-1 for islets encapsulated 

in 50 µg/ml collagen type IV with 1 mM LRE which was three-fold higher 

than that of the control islets (p<0.05). Although, 50 µg/ml collagen type IV 

with 0.01 mM PDSGR, and 50 µg/ml collagen with 0.01 mM RGD enhanced 

the OCR, this never reached statistical significant differences and was not of 

the impact of 50 µg/ml collagen type IV with 1 mM LRE.
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Figure 4. Viability of human islets encapsulated in alginate capsules containing 50 
µg/ml collagen type IV and either 0.01 mM RGD, 1 mM LRE, and 0.01 mM PDSGR. 
Alginate capsules without ECM components served as control. Values represent 
mean ± SEM (n=5, different donors). *, **, and *** indicates statistical significant 
differences (p<0.05) when compared to control islets. (Col IV, collagen type IV).
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Figure 5. Oxygen consumption rate (OCR) of human islets encapsulated in alginate 
capsules containing combination of 50 µg/ml collagen type IV and either 0.01 mM 
RGD, 1 mM LRE, and 0.01 mM PDSGR after 72 hours in culture. OCR is expressed 
after correction for DNA content (OCR/DNA). Values represent mean ± SEM. * 
indicates statistical significant differences (p <0.05) when compared to control islets 
(n=5, different donors). 

Discussion
To the best of our knowledge this is the first study demonstrating the beneficial 

effects of specific ECM components on functional survival of human islets in 

capsules for immunoprotection. An increase of as much as 300% in GIIS 

could be obtained by adding laminin α1 chain (Fig. 1) and 140% with collagen 

type IV (Fig. 2) compared to islets encapsulated in just an alginate matrix 

without ECM. This beneficial effect corroborates the findings of Nikolova 
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et al [55]. This author demonstrated that increasing collagen type IV and 

laminin localized in the vascular basement membrane surrounding intra-

islet capillaries in vivo, resulted in enhanced insulin gene expression both on 

matrix-coated culture substrate and when soluble matrix protein was added to 

the culture medium [52].

Capsules for islet encapsulation are usually only containing 

biomaterials and no support of ECM components. Only one group has applied 

RGD in encapsulated islet grafts [54], but to the best of our knowledge a 

systemic comparison of its effects between capsules without RGD or with 

other ECM molecules have not been performed. As shown here only a limited 

number of four out of six ECM molecules tested had a beneficial effect and 

RGD was not the most efficacious ECM. This illustrates that a systematical 

approach is necessary to select ECM components with an enhancing effect on 

functional survival of islets in capsule by this approach. Notably, this is a first 

screening for efficacious ECM molecules in vitro. Long-term efficacy studies 

of smaller amounts of ECM molecules in vivo will be part of future efforts.

 The beneficial effects of ECM components should be attributed to 

improved cell-matrix interactions that benefits processes such as cell-cell 

adhesion and gene expression or the coordinated behavior of cell groups.

[56] The presence of ECM signaling can influence cellular differentiation, 

apoptosis (anoikis), and function. However not all ECM components 

enhanced GIIS. The type 1 collagen α1 (I)-CB3 fragment (DGEA) had no 

effect on GIIS while ECM-derived peptide fragments located on laminin 

α-1 chain (RGD, and IKVAV); laminin γ-1 chain (LRE); laminin β-1 chain 

located (PDSGR) in specific concentrations did enhance the responses. This 

enhancing effect of specifically insulin secretion should be explained by the 

fact that presence of several integrin variants found in laminin α-1, e.g. αvβ3, 

αvβ5, regulate adhesion of islet-cells, and also by presence of α3β1 and α6β1 that 
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are involved in regulation of insulin secretion [57, 58]. In addition, integrins 

present in specific regions of laminin β-1 and γ-1 may prevent programmed 

cell death (anoikis) resulting from inadequate or inappropriate matrix signaling 

enzymatic isolation of islets from the pancreas. This is corroborated by our 

observation that presence of laminin γ-1 was associated with less cell-death. 

Also, the matrix-cell interactions might benefit cytoskeletal organization 

throughout the islets. Relative large portions of beta-cells are in the interior of 

the islet and do not have direct contact with the peripheral ECM. Therefore, 

any benefit from ECM addition must derive from indirect matrix restoration 

[59], which have been shown to influence expression of genes implicated in 

GSIS [60].

 Collagen type IV and the GIIS promoting laminin sequence were 

combined to study synergistic effects. To our surprise higher concentrations 

of collagen type IV induced a lowering instead of an enhanced GIIS of 

encapsulated islets. This observation is in accordance with the observations 

of Lucas-Clerc C et al [61], who also demonstrated collagen type IV 

dependent suppression of GIIS at higher concentrations. Moreover, this 

should be explained by the suggestion that supraphysiological collagen 

type IV concentration by overexpression enhances cell survival rather than 

supporting metabolic processes such as insulin release [34]. Preferably the 

concentration of collagen type IV should approach the concentration in the 

pancreas in order to have beneficial effects. The 50 µg/ml collagen type IV 

combination with other ECM molecules is indeed similar to the relative 

amount of these proteins in the normal basement membrane [62].

It might be suggested that the profound positive effects on islet 

function might be caused just by ECM-signals at the exterior of the islets and 

communication of the stimulated cells with the interior of the islets.  We feel, 

however, the process is more complicated and that islet are dynamic-organs 
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in which cells migrate instead of behave as static cell-clumps [52, 63]. As the 

consequence of this more islet-cells will benefit from ECM contact. Also, it 

is plausible that ECM-sequences will migrate into the interior and support 

beneficial processes. The fact that ECM molecules can stimulate the GIIS 

with as much as 300% supports this suggestion as this cannot be explained by 

just stimulation of cells in the periphery of islets. 

Oxygen consumption rate (OCR) of islets is an emerging technology 

for assessing human islet-functionality as it correlates with functionality of 

grafts after transplantation [64]. The higher the OCR the better the metabolic 

responsiveness of the islets [65]. Unfortunately measuring OCR is laborious 

and still requires significant amounts of islets. We therefore applied it only 

for one-time point and for the ECM components with a proven efficacy in 

GIIS. The OCR data underscore the beneficial findings of ECM components 

illustrating that ECM addition may not only be beneficial for encapsulated 

islets but possibly also for free human islet grafting in which OCR correlated 

well with graft function in vivo [64].

Conclusions
Not all but only a selection of laminin sequences do support function 

of human pancreatic islets in alginate-based microcapsules applied for 

immunoprotection of islets. The laminin recognition sequence, RGD, and 

PDSGR promote islet viability and insulin secretion when immobilized at 

concentrations of 0.01 to 1 mM while the laminin sequence LRE contributes 

to enhanced GIIS only at higher concentrations of 1 mM. When this was 

combine with collagen type IV in concentrations similar to that found in the 

pancreas we found synergistic beneficial effects. However, at higher collagen 

type IV concentrations adverse effects were observed.  Our data underscores 

that the intracapsular environment should receive more attention in efforts 
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to support longevity of encapsulated pancreatic islets. This is a pertinent 

consideration as islets are obtained from rare cadaveric donors. Therefore, 

loss of functionality or viability should be reduced to a minimum. 
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Abstract
Extracellular matrix (ECM) molecules have several functions in pancreatic 

islets including provision of mechanical support and prevention of cytotoxicity 

during inflammation. During islet isolation, ECM-connections are damaged 

and are not restored after encapsulation and transplantation. Inclusion of 

specific combinations of collagen type IV and laminins in immunoisolating 

capsules can enhance survival of pancreatic islets. Here we investigated 

whether ECM can also enhance survival and lower susceptibility of human 

islets to cytokine-mediated cytotoxicity. To this end, human islets were 

encapsulated in alginate with collagen IV and either RGD, LRE, or PDSGR, 

i.e. laminin sequences. Islets in capsules without ECM served as control. 

The encapsulated islets were exposed to IL-1β, IFN-γ, and TNF-α for 24 

and 72 hours. All combinations of ECM improved the islet-cell survival and 

reduced necrosis and apoptosis after cytokine exposure (p<0.01). Collagen 

IV-RGD and collagen IV-LRE reduced danger-associated molecular patterns 

(DAMPs) release from islets (p<0.05). Moreover, collagen IV-RGD and 

collagen IV-PDGRS but not collagen IV-LRE reduced NO release from 

encapsulated human islets (p<0.05). This reduction correlated with a higher 

oxygen consumption rate of islets in capsules containing collagen IV-RGD 

and collagen IV-PDGRS. Islets in capsules with collagen IV-LRE showed 

more dysfunction and OCR was not different from islets in control capsules 

without ECM. Our study demonstrates that incorporation of specific ECM 

molecules such as collagen type IV with the laminin sequences RGD and 

PDSGR in immunoisolated islets can protect against cytokine toxicity.

Keywords Alginate capsules, Apoptosis, Cytokines, Extracellular matrix, 

Islet, Necrosis
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Introduction
Pancreatic islets have an extensive network of ECM molecules of a specific 

composition. These ECM molecules are involved in the maintenance of 

function of islet-tissue [1]. Before islet transplantation, islets are isolated 

from the pancreas. The process of islet-isolation requires administration 

of enzymes into the pancreas such as collagenases that damage the ECM 

molecules which impacts several cellular functions in the islets including ATP 

generation and insulin secretion [2, 3]. The most common and essential ECM 

structures in islets are collagen type I and IV, and laminins [1].

It has been shown that cytokines and ECM act synergistically and 

combined can regulate fundamental processes during and after inflammation 

such as proliferation, differentiation, and cell death processes [4]. The 

interactions with the immune system are regulated by cell surface receptors 

for matrix proteins which can be integrins or non-integrin-receptors. This 

can be mediated by changing the expression of ECM molecules by specific 

cytokines [5]. However, cytokines may also enhance their efficacy by 

using ECM molecules as co-receptors [6] or by influencing intracellular 

signal transduction pathways [5]. Also, cytokines can bind to specific ECM 

constituents whereby their effects are localized to specific areas and/or they 

may be stored in the matrix for later release [4].

An emerging field in which ECM molecules may be used to enhance 

survival and lower susceptibility cytokines is in immunoisolation of pancreatic 

islets [7, 8]. Immunoisolation is a technology in which islets are enveloped 

in semi-permeable membranes. It protects pancreatic islets from the hostile 

effects of the immune system [9]. The membranes are impermeable to large 

immune effector molecules such as immunoglobulins and complement factors 

but they are permeable for smaller molecules such as glucose and insulin [10]. 

Most cytokines are also able to pass the capsule membrane and have been 
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reported to be a contributing factor in the success and failure of islet grafts 

[11]. Cytokines such as TNF-α, IFN-γ, and IL-1β, known to be involved in 

islet-cell death [12], may pass the capsule membrane and induce cell death. 

These processes include cell-death by necrosis and necroptosis [13], which 

is associated with release of danger associated molecular patterns (DAMPs) 

that are strong activators of immunity [14]. This enhances immunity in 

the vicinity of the capsules and contributes to additional loss of islet-cells. 

Preventing cell-death is therefore of essential importance. 

As ECM supplementation may change the impact of cytokines 

[8, 15], we investigated whether combinations of ECM molecules that we 

previously found to be beneficial for islet-function [2], also lowers sensitivity 

for cytokines and contributes to the maintenance of islet function during 

cytokine exposure. To this end, we investigated the effect of supplementation 

of collagen type IV combined with the laminin sequences RGD, LRE, or 

PDSGR on cell death and function of human pancreatic islets encapsulated 

in alginate-based microcapsules during exposure to TNF-α, IFN-γ, IL-1β for 

24 and 72 hours. 

Research Design and Methods
Human pancreatic islet isolation

Human islets were obtained from cadaveric pancreata at Prodo Laboratories 

Inc. (Irvine, USA). Dithizone (Merck, USA) staining was performed before 

shipment to determine the purity. After shipment, islets were washed five 

times with CMRL 1066 (Gibco, USA) before culture. All the methods and 

experimental protocols were approved and carried out in accordance with 

the code of proper secondary use of human tissue in The Netherlands as 

formulated by the Dutch Federation of Medical Scientific Societies.

Islet encapsulation and extracellular matrix building
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In-house purified intermediate-G alginate (ISP Alginate Ltd UK) was applied 

as described before [16]. All the solutions were sterilized by filtration (0.2 

µm). ECM components were added to human pancreatic islets enveloped 

in alginate-based microcapsules. The specific enhancing laminin sequence 

known to be present in islets in the native pancreas were obtained from 

GenScript (NJ, USA); 0.01mM RGD, 1mM LRE, 0.01mM PDSGR. Those 

active laminin sequences were combined with 50 µg/ml collagen type IV 

and mixed in the intracapsular environment of alginate microcapsules. 

The concentrations mentioned are the final concentration that are used to 

encapsulate the islets. The concentrations were based on a previous study 

from our group [2]. Highly purified alginate was mixed with the appropriate 

extracellular matrix components by physical entrapment within 3.4% purified 

alginate. The matrix was mixed with human pancreatic islets in a ratio of 1000 

islet/ml alginate-ECM mixture. Alginate-solutions without ECM components 

served as control. Subsequently, the solution was converted into droplets 

using an air-driven droplet generator as previously described [17]. Capsules 

had a final diameter of 500-600 µm.

Exposure to human cytokines 

Encapsulated islets with or without ECM (control) in the intracapsular space 

as previously described in detail [2], were incubated in CMRL 1066 complete 

media containing the human cytokine mix; TNF-α (2000 U/ml), IFN-γ (2000 

U/ml), and IL-1β (150 U/ml) (PeproTech, Germany), and were cultured for 

24 and 72 h in 24 well non-treated plates (Costar®, NY, USA). Each well 

contained 25 encapsulated islets in 1 ml of CMRL 1066 medium and was 

incubated in control and ECM mix combined with or without the cytokine 

mix.
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Confocal analysis

Encapsulated islets were staining with a LIVE/DEAD Cell Viability/

Cytotoxicity assay Kit (Invitrogen, USA). To this end, a stock solution of 

Calcein AM (4 mM) and Ethidium homodimer (EthD) (2 mM) was added. 

Encapsulated islets were incubated at room temperature for 30 min in 

darkness, and then washed with Krebs–Ringer–Hepes (KRH), pH 7.4 prior to 

imaging. The percentage of viable cells was determined by green fluorescence 

while dead cells were recognized by red fluorescence upon binding of 

ethidium homodimer to exposed DNA (Ext/Abs 528/617 nm). Apoptosis  was 

quantified using Annexing-V, Alexa Fluor (Invitrogen life technologies, NY 

USA) in combination with Propidium iodide (PI) according to the standard 

protocol provided by the manufacturer. Annexin-V positive cells stain green 

and were quantified as apoptotic cells by counting the green cells with loss 

of integrity of the plasma and decreased nuclear membranes. Necrotic cells 

stained in this procedure combined white and green and were also counted. 

Fluorescent confocal microscopy was performed at an emission wavelength 

of 488 nm using a Leica TCS SP2 confocal microscope. Stained islet-cells 

were manually counted in images (n≥3) of each sample. Data were expressed 

as the percentages of apoptotic or necrotic relative to the total number of 

stained cells and analysed by Imaris x64 version 7.6.4 software and ImageJ 

1.47.

Damage-associated molecular patterns (DAMPS)

To quantify the damage-associated molecular patterns (DAMPs), supernatants 

of incubated islets were analyzed by ELISA for the presence of either 

double-stranded DNA (dsDNA, BlueGene Biotech, shanghai, China) and 

uric acid (Abcam, Cambridge, UK). ELISA was performed according to the 

manufacturer’s directions.
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Nitrite determination

Nitrite production was determined using Griess Reagent System (Promega, 

USA) by mixing 50 µl of culture media of each experimental sample with 50 

µl of de Griess reagent according to the manufacturer directions. Absorbance 

was measured at 550 nm, and nitrite concentrations were calculated from a 

nitrite standard curve [18].

Islets OCR

Cytokine-induced changes in oxygen consumption rate (OCR) were measured 

in human pancreatic islets using the extracellular flux analyzer XF24 (Seahorse 

Bioscience, USA) as previously described before [2]. After 72 h of exposure 

to cytokines, alginate was removed by an incubation step in 25 mM citrate 

solution in KRH for 15 minutes at 37°C. This was necessary as the capsule 

interfered 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 59, and 130 minutes. The test reagents were either glucose (16.7 

mM final) or the mitochondrial inhibitors-oligomycin (5 μM). All reagents 

were adjusted to pH 7.4. Baseline rates were measured at 37°C five times 
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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 of each individual 

well was normalized with basal conditions. The area under the curve (AUC) 

analyses was determined during high glucose exposure by measuring the 

OCR enhancement over the full period of exposure. This was calculated 

by the Seahorse XF-24 software. Every point represents an average of four 

different wells.

Statistical analysis

Values were expressed as mean ± standard error of the mean (SEM). Normal 

distribution of the data sets was determined using the Kolmogorov-Smirnov 

test. Statistical comparisons between experimental conditions in each 

study were performed by one-way ANOVA to compare outcomes of the 

nonparametric, unmatched treatments of controls and encapsulated islets in 

ECM mix, using GraphPad Prism 6.0. P-values <0.05 were considered to be 

statistically significant.

Results
Preventing cytokine induced cell death in microencapsulated human 

islet-cells by adding ECM molecules 

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

intracapsular environment can protect human encapsulated islets for cytokine 

induced cytotoxicity, we exposed human islets in capsules containing 50 µg/

ml collagen type IV with either laminin sequences 0.01 mM RGD, 1 mM 

LRE, and 0.01 mM PDSGR to a cytotoxic mixture of TNF-α (2000 U/ml), 

IFN-γ (2000 U/ml), and IL-1β (150 U/ml) for 24 h and 72 h. After incubation, 

the islets were stained with Calcein AM and Ethidium homodimer.
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After 24 hours, there were no differences in viability between controls 

and islets in capsules with either of the three ECM combinations. This was 

different at 72 hours of exposure. The number of viable cells in the controls, 

without ECM, was decreased to 47.7 ± 3.9%. This decrease was reduced by 

50 µg/ml collagen type IV with either laminin sequences 0.01 mM RGD 

(p<0.005), 1 mM LRE (p<0.05), and 0.01 mM PDSGR (p<0.005) (Fig 1).

To determine which cell death process was responsible for the loss of 

viability after cytokine exposure and to investigate whether ECM addition 

influences the type of cells death process, we performed dual staining with 

Annexin-V and PI staining. Apoptotic cells stain green and necrotic cells stain 

green with white nuclei (Fig 2). 

Figure 1. Effect of cytokines on viability of islets encapsulated in alginate-based 
microcapsules containing 50 µg/ml collagen type IV and either 0.01 mM RGD (a), 1 
mM LRE (b), or 0.01 mM PDSGR (c). Encapsulated islets were treated for 24h and 
72h with a mix of human cytokines [TNF-α (2000 U/ml), IFN-γ (2000 U/ml), and 
IL-1β (150 U/ml)]. Results represent mean ± SEM of 4 independent experiments. * 
indicates statistical significant differences (p<0.05) compared to control islets (Col 
IV, collagen type IV).
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Figure 2. Cytokines predominantly induced apoptosis and necrosis in encapsulated 
human islets. Representative illustration of islets in control conditions (in alginate 
capsule without ECM) and a capsule containing collagen IV with RGD 0.01 mM, 
stained with both Annexin-V and Propidium iodide (PI) at 24h and 72h after exposure 
to human cytokines [TNF-α (2000 U/ml), IFN-γ (2000 U/ml), and IL-1β (150 U/
ml)]. A, apoptotic cells (Green); N, necrotic cells (White and Green). 
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After 24 h, islet-cells predominantly died by apoptosis in the control 

group that had no ECM in the capsules (30.5 ± 3.9%). This was different in 

the ECM containing capsules. As shown in figure 3, the increase in numbers 

of apoptotic cells was prevented by 50 µg/ml collagen type IV with either 

laminin sequences 0.01 mM RGD (p<0.01), 1 mM LRE (p<0.01), or 0.01 

mM PDSGR (p=0.06) after 72 h in culture (Fig 3). Beneficial effects of ECM 

components on necrosis was even more pronounced. Necrosis after cytokine 

exposure was more than two times lower in islets in capsules containing ECM 

molecules compared to controls (p<0.005). Necrosis increased after 72 h 

exposure to cytokines but remained reduced in islets encapsulated in capsules 

with ECM component (28.4 ± 1.0%).

Figure 3. Addition of 50 µg/ml collagen type IV and either 0.01 mM RGD, 1 mM 
LRE, or 0.01 mM PDSGR influence the mode of cell death in human encapsulated 
islets after exposure to a mixture of TNF-α (2000 U/ml), IFN-γ (2000 U/ml), and IL-
1β (150 U/ml). Encapsulated islets were stained with both Annexin-V and Propidium 
iodide (PI), treated for 24h and 72h with the cytokine mixture. Apoptotic (a) and 
necrotic (b) cells identified by Annexin-V/PI staining were quantified by microscopy. 
Values represent mean ± SEM of 4 independent experiments. **, and *** indicates 
statistical significant differences (p<0.01), and (p<0.005) when compared to control 
islets respectively (Col IV, collagen type IV).
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ECM components reduce Danger-associated molecular patterns 

(DAMPs) release. 

Necroptosis and necrosis are cell death processes responsible for the release of 

DAMPs and provocation of inflammatory responses. Double-stranded DNA 

(dsDNA) and uric acid are DAMPs known to be produced by human islets 

[14]. At 24 hours, there was no clear effect of ECM addition to the capsules 

on DAMPs production. Differences were observed however after 72 hours. 

As shown in figure 4, the addition of ECM molecules to capsules can prevent 

DAMP-release after 72h exposure to the cytokine mix of TNF-α (2000 U/ml), 

IFN-γ (2000 U/ml), and IL-1β (150 U/ml). 

DsDNA was present in all conditions. The dsDNA release of islets 

exposed to an ECM mix containing 50 µg/ml collagen type IV with 0.01 

mM RGD was significantly lower (p<0.05) than the dsDNA concentrations 

in controls (Figure 4A). Although some reduction of dsDNA was observed of 

islets exposed to mixtures of collagen IV and LRE and PDSGR we observed 

no statistical significant differences. Moreover, uric acid concentrations were 

significantly lower in the medium of islets containing 50 µg/ml collagen type 

IV with either laminin sequences 0.01 mM RGD (p<0.01), and 1 mM LRE 

(p<0.05) after 72 h in culture. PDSGR also had a lowering effect but this 

never reached statistical significance (Figure 4B).
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Figure 4. Danger-associated molecular patterns (DAMPs) release from human 
islets encapsulated in alginate-based capsules supplemented with combinations of 
ECM molecules. Encapsulated islets were treated for 24 h and 72 h with human 
TNF-α (2000 U/ml), IFN-γ (2000 U/ml), and IL-1β (150 U/ml). DAMPs found were 
double-stranded DNA (dsDNA) (a) and uric acid (b). Results represent mean ± SEM 
of 4 independent experiments *, and ** indicates statistical significant differences 
(p<0.05), and (p<0.01) when compared to control islets respectively.
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RGD and PDSGR reduce NO release from encapsulated human islets 

NO is a primary sign and marker of cell damage after cytokine exposure. 

Therefore, NO release was studied in the supernatant of islets cultured for 

24 h and 72 h with or without the cytokine mix (TNF-α, IFN-γ, IL-1β). 

After 24 h of exposure to the cytokine mix, NO was found in the culture 

medium but only islets encapsulated in collagen type IV with 0.01 PDSGR 

(p<0.05) reduce significantly in comparison to controls (Fig 5A). At 72 hours 

of exposure, clear effects of ECM incorporation in the capsules were found. 

Collagen type IV with 0.01mM RGD presented a lower NO release (p<0.05). 

Moreover, NO in controls was twofold higher than at 24 hours but in capsules 

containing 50 µg/ml collagen type IV with either laminin sequences 0.01 mM 

RGD (p<0.005) and 0.01 mM PDSGR (p<0.05) NO values were statistically 

significantly lower, when was culture without human cytokines (Fig 5B). 

There was an ECM-dependent effect as the combination of collagen IV and 

LRE had no reducing effect on NO.

Figure 5. NO production by human islets in alginate capsules containing 50 µg/
ml collagen type IV and either 0.01 mM RGD, 1 mM LRE, or 0.01 mM PDSGR. 
Encapsulated islets were treated for 24 h and 72 h with (a) and without human 
cytokines mix [TNF-α (2000 U/ml), IFN-γ (2000 U/ml), and IL-1β (150 U/ml)] (b). 
Supernatants were harvested, and nitrite production was determined by the Griess 
assay. Result represent mean ± SEM of 4 independent experiments *, and *** 
indicates statistical significant differences (p<0.05), and (p<0.005) when compared 
to control islets.
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Specific ECM combinations protect energy metabolism of pancreatic 

islet after exposure to cytokines 

Next, we determined the effect of ECM on oxygen consumption rate (OCR), 

which is an indicator of mitochondrial respiration in islet-cells [19]. This was 

done in the presence and absence of TNF-α (2000 U/ml), IFN-γ (2000 U/ml), 

and IL-1β (150 U/ml). A higher OCR is associated with a better long-term 

maintenance of islet-function and is correlated with a higher success rate of 

islets after implantation [20]. As high numbers of islets are required for the 

experiments we only determined the OCR after 72 hours of culture. First, 

we measured the OCR of islets exposed to human cytokines. To this end, 

islets were first incubated for 60 minutes at 3 mM glucose before start of the 

test. Then, islets were exposed for 58 minutes to high glucose (16.7 mM), 

followed by an incubation of 53 minutes in 5 µM oligomycin to determine 

whether the enhanced response to high glucose was indeed ATP dependent 

and did not occur via other pathways [21].

As shown in figure 6A, there were no differences in OCR under low 

glucose conditions. This was different for specific ECM combination during 

high glucose exposure. To quantify the differences, we did two comparisons. 

First, we compared to time point 58 minutes after 16.7 mM glucose exposure 

and, second, we compared the area under the curve (AUC). At time point 

137 we found a statistical significant higher OCR for islets in collagen IV 

with RGD (p<0.05) and collagen IV with PDSGR (p<0.003). Also, the AUC  

values were higher but only reached statistical significant differences when 

comparing islets with 0.01 mM PDSGR and 1 mM LRE (p<0.05) (Figure 

6B). All responses to high glucose were ATP-dependent as oligomycin 

administration decreased OCR almost instantly under all conditions.
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Figure 6. The effects of cytokines on OCR of human islets encapsulated with 
different types of ECM. Human islets 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 were treated for 72 hours with human cytokines (150 U/ml IL-1β, 2000 
U/ml IFN-γ, and 2000 U/ml TNF-α). (A) Seahorse Bioscience XF24 extracellular 
flux analyzer was used to measure OCR (pMoles/min), indicative of OXPHOS in 
encapsulated islets containing ECM and or controls without ECM. After 68 minutes 
islets were challenged with glucose (16.7 mM). Next after incubation with high 
glucose islets were treated with the F1F0 ATP synthase inhibitor oligomycin (5 μM). 
(B) OCR values upon glucose stimulation of encapsulated islets containing ECM 
after cytokine challenge. Each data point represents mean ± SEM of 4 independent 
experiments. * indicates statistical significant differences (p<0.05) when compared 
to control islets respectively.
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Discussion 
In the present study, we show to the best of our knowledge, for the first 

time, that incorporation of collagen IV and specific laminin sequences, i.e. 

RGD, LRE, or PDSGR can contribute to survival of encapsulated human 

pancreatic islets when the islets are exposed to the inflammatory cytokine 

cocktail IL-1β, TNF-α, and IFN-γ. We choose this cocktail as it is accepted 

that islets are sensitive for IL-1β, TNF-α, and IFN-γ and play a critical role 

in the pathogenesis of T1D [12]. This cytokine combination inhibits insulin 

synthesis and secretion in pancreatic islets [12]. Studies in isolated islets 

have shown that IL-1β is cytotoxic to both α and β-cells, but it selectively 

inhibits β-cell secretion of insulin and not glucagon secretion from α-cells 

[22]. As shown here, islet-cell viability decline occurred within 72 hours after 

exposure to the cytokine mix. In islets containing a supplement of laminin 

sequences, decline and cell death was prevented. The tested laminins are 

containing specific regions in laminin α5 and β1 [23], that can decrease 

apoptosis by binding to integrins [23]. The effects are laminin specific which 

explains differences in dynamics of NO and DAMPs release when the islets 

were exposed to the cytokine-mix.

The cell-death process can be further enhanced when islet-cells are 

exposed to cytokines [24] . We demonstrate that all applied incorporations of 

ECM molecules could avoid or prevent to some extend cell-death in islet cells. 

This observation corroborates the findings of Zhao et al [25] who observed 

that islets contain more apoptotic or necrotic cells than those supplemented 

with ECM. This can probably be explained by the fact that the tested ECM 

components support integrin-extracellular matrix interactions by α3 and β1 

which are critical for modulating cell survival and function [26].

The beneficial effects of ECM on graft function goes further than just 

preventing cell-death. As shown here the encapsulated islets supplemented 
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with ECM also release less DAMPs. DAMPs can bind Toll-like receptors 

(TLRs) on cells of the immune system in the vicinity of the graft and 

activate both the innate and adaptive immune system, with graft failure as 

the ultimate consequence [27]. Human islets are potent producers of DAMPs 

such as dsDNA and uric acid [14] which are released in reduced amounts 

after supplementation of collagen type IV and the specific laminins sequence 

RGD, PDSGR, LRE. The dsDNA is an inflammation inducer when islet cells 

undergo necrosis or necroptosis, resulting in CD8+ T-cell responses [28, 

29]. Uric acid is more than an enhancer of immune responses via binding 

to TLR2 and 4 [29]. It also induces insulin resistance in peripheral tissues, 

β-cell dysfunction, and might be responsible for the enhanced NO production 

[30]. All these processes can be reduced by adding ECM to the intracapsular 

environment.

Proinflammatory cytokines can impair basic functions such as insulin 

release by interfering with β-cell production of ATP through mechanisms 

that are not well defined [12]. To gain insight in the dynamics of impaired 

ATP production in the presence of cytokines, we used real-time metabolic 

flux analysis to monitor changes that acutely follow after exposure of human 

pancreatic islets to the proinflammatory cytokines IL-1β, TNF-α, and IFN-γ. 

This type of analysis involves measurement of e.g. OCR which is a measure 

for glycolysis and mitochondrial respiration in the islets [21]. We observed 

a statistical significant higher OCR in islets in capsules containing collagen 

type IV with 0.01 mM RGD or 0.01 mM PDSGR at 60 minutes after exposure 

to glucose. The 1 mM LRE group was always lower in OCR and reached 

statistical significant differences when comparing the AUC with that of 0.01 

mM PDSGR. Again, this is probably due to different interactions of LRE 

and PDSGR with islet cells with differences in responses to the cytokines as 

a consequence. One of these differences is that islets in capsules with LRE 
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also had a higher NO production. NO is known to induce a nitric oxide-

dependent inhibition of mitochondrial aconitase, resulting in a decrease in 

oxidative metabolism and ultimately insufficient generation of ATP and islet 

dysfunction [31]. A mechanism by which NO generation by cytokines impairs 

islet function is by NO-induced acute disruption of the β-cell mitochondrial 

respiration, which subsequently causes inhibition of mitochondrial aconitase 

activity, resulting in a decrease in oxidative metabolism and ultimately 

insufficient generation of ATP and islet dysfunction [31]. This suggestion is 

corroborated by findings of Corbett et al [30] who observed a negative effect of 

NO on insulin secretion from nitrosylation of iron-containing enzymes in the 

mitochondria, most notably aconitase, that are necessary for ATP generation.

The islets containing RGD and PDSGR produced less NO and a lesser 

fall in OCR under cytokine exposure than the islets containing collagen IV 

and LRE. This should be explained by differences in subunits in the three 

laminin sequences. Laminins are heterotrimeric (α/β/γ) glycoproteins present 

in the basal laminae on the membrane cells. Multiple integrin binding 

regions have been identified in laminins [1]. RGD is one of the most studied 

adhesion sequences [32], related to mediate cell functions such as adhesion 

and spreading. This recognition sequence interacts with many members of 

the integrin family, including α3β1 α5β1, α5β3, and αvβ5 [33]. The laminin 

adhesive peptide PDSGR is present in the β1 chain [1]. It is known to facilitate 

the adhesion of epithelial cells such as islets cells [34] and it has been reported 

to accelerate the proliferation of some cell-types [35]. LRE has also been 

reported to guide cellular processes [36] but LRE, in contrast to RGD and 

PDSGR are lacking integrin binding subunits α3 and α5 and β1 [33, 36]. 

These subunits might be important for islet function as it has been shown that 

in the human pancreas α3, α5, αv, β1, β4 and β5 integrin subunits are present 

and essential for function [37, 38]. Absence of these subunits in LRE may 
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therefore be the cause of the lesser beneficial effect of this laminin sequence 

compared to RGD and PDSGR. A previous study in mice has shown that a 

lack of β1 integrin in insulin-producing cells results in a dramatic reduction 

of the number of β-cells [39]. Additionally, it has been shown by Kaido et 

al that human β-cells contain αvβ1, αvβ5, and α1β1 integrins throughout 

development and adulthood and are important for normal development [40, 

41]. The lack of specific ligands in the sequences in LRE can explain the 

differences in NO and OCR between the islets containing RGD and PDSGR. 

The reduced NO production in islets exposed to RGD and PDSGR should 

be explained by interaction with the integrins present in human islets such as 

αvβ3, and αvβ5 reported by Cirulli et al [42], which can recognize an RGD 

motif within their ligands [33] and are lacking in LRE.

In conclusion, our study presented here demonstrate that incorporation 

of specific ECM molecules such as collagen type IV with the laminin 

sequences RGD and PDSGR in immunoisolated islets can protect against 

cytokine toxicity. The ECM supplementation prevented cell death and 

preserved islet cellular activity. The interaction between different integrins 

such as α3, α5, and β1 present in RGD and PDSGR, which are absent in 

LRE, might possibly explain the specificity of the observed protection and 

maintenance of the viability and functionality of encapsulated human islets 

exposed to cytokines. Our findings can be applied to improve function and 

protection of islets in immunoisolating devices.
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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 



104

Chapter 4

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 



113

Impact of ECM of mouse islets in vivo

4

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.
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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. 
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Abstract
Collagens are the most abundant fibrous protein in the human body and 

constitute the main structural element of the extracellular matrix. It provides 

mechanical and physiological support for cells. In the pancreas, collagen VI 

content is more than double that of collagen I or IV. It is a major component of 

the islet-exocrine interface and could be involved in islet-cell survival. To test 

the impact of collagen VI on human encapsulated pancreatic islets-cells, we 

tested the effects of exogenous collagen type VI on in vitro functional survival 

of alginate encapsulated human islet-cells. Concentrations tested ranged from 

0.1 to 50 µg/ml. Islets in capsules without collagen type VI served as control. 

Islet-cell interaction with collagen type VI at concentrations of 0.1 and 10 

µg/ml, promoted islet-cell viability (p<0.05). Although no improvement in 

glucose induced insulin secretion (GSIS) was observed, islets in capsules 

without incorporation of collagen type VI showed more dysfunction and 

oxygen consumption rates was improved by inclusion of collagen type VI. Our 

results demonstrate that incorporation of collagen type VI in immunoisolated 

human islets supports in vitro viability and survival of human pancreatic islets.

Keywords Alginate capsules, collagen, glucose induced insulin secretion, 

pancreatic islets, viability, oxygen consumption rate.
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Introduction
Islet transplantation is a promising method to cure patients with type I 

diabetes. Transplantation of allogeneic pancreatic islets can theoretically 

regulate glucose levels from a minute-to-minute level [1, 2], preventing the 

development of hypoglycemia and diabetic complications [3]. An advantage 

of implanting pancreatic islets over transplantation of the whole pancreas is 

that isolated islets can be modulated before transplantation to reduce the risk 

of graft rejection [4, 5]. Moreover, islet transplantation is a minimal invasive 

surgical procedure with short hospitalization periods and can be repeated in 

cases of graft failure with minor adverse effects [1, 6]. Isolated islets can 

also be enveloped in immunoisolating capsules that are impermeable to 

immunoglobulins and cells of the immune system but allow diffusion of 

nutrients, glucose, and insulin [6-8]. This could potentially lead to avoidance 

of the need to administer immunosuppressive drugs, which cause unwanted 

side-effects [9, 10]. This technology of immunoisolation is subject of intense 

research, as it would make islet-transplantation available for a larger group of 

patients with type I diabetes [6, 11].

 The proof of principle application of encapsulated islets for the 

treatment of type I diabetes has been shown in several studies in both 

experimental animals and in humans [12, 13], however, islet graft survival 

is still never permanent and, in most cases, limited to several months [14]. 

A factor considered to influence the duration of graft survival is the loss of 

interaction with the extracellular matrix (ECM) in isolated islets [2, 15-17]. 

As a consequence of islet-isolation, the ECM molecules that surround the 

islets and interconnect the endocrine cells in the pancreatic islets are damaged 

by application of collagenases [2, 16, 18, 19]. This enzymatical isolation 

process impacts laminins as well as collagen type I, III, IV, V and VI in islets 

[20]. Moreover, recently it has been shown that after isolation with ECM-
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degrading collagenases, the whole microvasculature of the islet is destroyed 

[20], and that pancreatic islet-cells undergo different cell death processes such 

as anoikis, necroptosis, and necrosis [18, 19, 21, 22].

A strategy of supplementation of islets with ECM molecules has been 

shown to enhance functional survival of encapsulated pancreatic islets [23-

25]. Incorporation of ECM guides cellular development by mimicking the 

biochemical composition of ECM in the target organ, its fibrillar structure, and 

its viscoelastic properties [26]. Examples of molecules that are considered to 

enhance survival of islets are laminins and collagens [27]. Laminin may benefit 

islet-survival by modulating the expression of specific transcription factors 

and hormones such as Pdx-1, insulin 1 and insulin 2, glucagon, somatostatin, 

and GLUT-2 [28]. Moreover, different adhesive laminin sequences such as 

IKVAV, VAYI, and IKLLI, YIGSR, PDSGR, located in α1 and β1chain have 

been shown to influence pancreatic islet-cell function [29, 30].

 The most essential collagens used as supplement or adjuvant for 

cellular functions in biomedical applications are collagens type I and IV 

[31, 32]. Collagen is present and located in the islet–exocrine interface and 

basement membrane of islets where it regulates fibronectin assembly by 

restraining cell–fibronectin interactions [33-35]. In contrast to collagen type 

IV, effects of collagen type VI on islet-survival and function has not been 

studied. Collagen type VI is composed of three polypeptide chains that form 

a short triple helix. These polypeptide chains are named α1 (VI), α2 (VI), and 

α3 (VI), and are encoded by three genes [36]. The importance of collagen type 

VI for tissue homeostasis is illustrated by the observation that a deficiency of 

collagen type VI results in death of muscle cells causing muscular dystrophy 

[37]. Since collagen type VI is abundantly present in the pancreas [38, 39], 

we investigated the effect of exogenous collagen VI on islet-cell survival and 

function. 
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 The goal of this study was to investigate the effect of collagen type VI on 

the functional survival of human pancreatic islets in immunisolating alginate-

based capsules. Functional survival of islets was studied by determining the 

glucose stimulated insulin secretion (GSIS) and the oxygen consumption rate 

(OCR) in islets encapsulated in alginate with or without collagen VI. 

Materials and Methods
Human islets culture

Human islets were obtained from Prodo Laboratories Inc. (Irvine, USA). A 

dithizone (Merck, USA) staining was performed before shipment to determine 

the purity. Islets with a purity over 80% were shipped to the Groningen 

University Medical Center (Groningen, The Netherlands). Immediately 

after arrival, islets were washed before handpicking and cultured in CMRL 

medium (Gibco, USA), supplemented with 10% fetal calf serum (FCS), 

1% penicillin/streptomycin (Gibco, USA), 1% glutamax (Gibco, USA), 

2% HEPES (Gibco, USA), and 8.3 mM D-glucose (Sigma-Aldrich, USA. 

Before encapsulation, islets were both micro- and macroscopically inspected. 

After encapsulation islets were tested for glucose stimulated insulin secretion 

(GSIS) and subjected to live-dead staining kit for mammalian cells to confirm 

viability and function. Human islets were cultured in a humidified 5% CO2 

incubator at 37°C.

Microencapsulation

Capsules were composed of purified 3.4% intermediate-G alginate (44% 

G-chains, 56% M-chains, 23% GG-chains, 21% GM-chains, 37% MM-

chains), mixed with collagen type VI (Abcam, UK) by physical entrapment 

in concentrations of 0.1, 10, and 50 µg/ml. Capsules without type VI 

collagen served as controls. An air-driven droplet generator was used for the 
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encapsulation of human islets [40, 41]. Before encapsulation, per donor, islets 

were split up in different appropriate portions and mixed with 3.4% ultrapure 

alginate containing either 0.1, 10, or 50 µg/ml collagen VI. The alginate was 

purified as previously described [42] and tested for presence of endotoxins 

[43, 44]. Islets were mixed in a ratio of 1000 islets/ml alginate and transferred 

into droplets [45, 46] and collected in 100 mM CaCl2. Droplets were gelled 

in 100 mM CaCl2 solution for at least 10 minutes [47]. The diameters of 

the droplets were between 500-650 µm. All droplets were washed with KRH 

buffer containing 2.5 mM CaCl2 for 2 minutes. Subsequently, encapsulated 

islets were cultured 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 till further use [48-50].

Glucose-stimulated insulin secretion of encapsulated islets

Human pancreatic islets were tested for GSIS at days 3, 5, and 7. The production 

of insulin was measured in response to low and high glucose solutions. 

Twenty-five encapsulated islets were transferred to glass incubation tubes. 

The first incubation consisted of a low glucose concentration solution in KRH 

(2.75 mM) for 1 hour, followed by a high glucose concentration buffer in KRH 

(16.7 mM) for 1 hour, and another 1-hour incubation in 2.75 mM glucose in 

KRH. At the end of each incubation, the incubation media were removed and 

frozen for insulin measurement via Enzyme-Linked Immunosorbent Assay 

(ELISA) (Mercodia AB, Sweden) using a spectrophotometric plate reader 

as previously described [41]. Finally, insulin concentrations were calculated 

through the interpolation 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). 
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The insulin secretory responses were expressed as a nanogram of insulin.ml-1. 

μgDNA-1. hour-1. 

Live/dead cell viability assay

Viability of the encapsulated islets was tested using a LIVE/DEAD Cell 

Viability/Cytotoxicity Assay Kit (Thermo Scientific). Encapsulated islets 

were incubated in culture media with Calcein AM (1 mM) and Ethidium 

homodimer (EthD) (2 mM) (concentration according to manual) for 30 

minutes in the dark. After the incubation period, islets were washed with 25 

mM KRH buffer, pH 7.4 prior to imaging. 

A helium-neon and an argon-krypton laser were used in combination 

with a confocal microscope (Leica) to quantify islet-cell viability at days 3, 

5, and 7. The data was analyzed in ImageJ (v1.48b; National Institutes of 

Health), and viable or dead cells was expressed as the percentage the total 

number of stained cells. Imaris 664 version 7.6.4 software was applied [45].

Islet oxygen consumption 

The oxygen consumption rate (OCR) was measured using an XF24 

Extracellular Flux Analyzer (Seahorse Bioscience, USA) [51]. This experiment 

was performed at 72 hours after encapsulation and for one-time point only as 

the assay requires the use of high numbers of islets. To perform OCR, human 

islets were retrieved from the capsules by dissolving the capsules in 25 mM 

citrate solution at 37°C. The islets were transferred to 6-well plates, and fresh 

medium was added before putting the plate at culture conditions. After that, 

human islets were transferred to the microplate reader provided with the XF24 

Islet FluxPak (Seahorse Bioscience, USA). For the correct measurement, at 

least 80 islets were inserted in every well of the XF24 islet capture microplate. 

Experiments were performed in triplo. The islets were centered in the wells 
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and a screen was fixed upon each islet-containing well. The medium was 

removed and the islets were washed 3 times with MA medium (XF assay 

media) and incubated for 60 minutes at 37°C. After addition of 500 µl of 

MA medium, the plate was placed into the XF24 Extracellular Flux Analyzer. 

At the end of the experiment, islets were transferred to Eppendorf cups and 

stored at -20°C for DNA content analysis. OCR data was normalized for 

DNA content to allow for comparison of different experimental conditions 

and adjust for the variation in islets numbers. Oxygen consumption rate was 

expressed as minutes OCR/DNA (pmol O2·min–1·mg–1 DNA) and analyzed 

by Seahorse XF24 software. An initial drift in OCR was typically observed 

in the first 1–2 measurements. Analysis started at an interval of 5-8 minutes 

after steady state was reached.

Statistical analysis

Results were expressed as a mean ± standard error of the mean (SEM). A 

Two-way ANOVA followed by Tukey’s secondary tests for significance was 

used for GSIS, stimulation index and live-dead staining data. Paired t-test 

was applied in order to evaluate the OCR. The analysis was performed using 

GraphPad Prism 5.0 (GraphPad Software, USA). A value of p<0.05 was 

considered statistically significant.

Results
Effect of collagen type vi on gsis on encapsulated human islets

We investigated the effect of collagen type VI on islet-cell functionality and 

survival, as collagen type VI is an ECM component and basement membrane 

(BM) anchoring molecule in human islets [35, 52]. To this end, collagen VI 

was incorporated into islet-containing alginate microcapsules. We tested the 

effects of 0.1, 10, and 50 µg/ml on GSIS of human islets encapsulated in 
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alginate at days 3, 5, and 7. The GSIS data for encapsulated islets with and 

without collagen type VI is shown in Figure 1. GSIS was not statistically 

influenced by collagen type VI addition, but there was a trend toward higher 

GSIS in encapsulated islets with 10 μg/ml and 50 μg/ml at day 7. 

Interestingly, stimulation index of pancreatic islets entrapped with 10 

µg/ml collagen type VI was significantly higher (p<0.05) than that of control 

groups (Figure 2). The glucose stimulation index significantly increased 1.8 

and 2.3 time-fold at day 5 and 7 for islets encapsulated in alginate with 10 µg/

ml collagen type VI (p<0.05). 

Collagen type VI improves cell viability of human islets

Despite the absence of statistically significant effects on GSIS, we did find 

significant effects of collagen type VI incorporation on the viability of 

encapsulated pancreatic islets, as shown in Figure 3b. From day 3 of culture 

and onwards, cell-survival enhancing effects of collagen type VI were 

observed. At day 5, all the tested groups containing collagen type VI had 

strong and statistically significant effects on islet-cell viability (p<0.01). The 

percentage of surviving cells was 87.7 + 6.1 %, 86.5 + 2.4 % and 85.6 + 1.9 

% (p<0.01), when collagen type VI at 0.1, 10 and 50 µg/ml were added to 

the alginate matrix respectively. Moreover, a significant increase of 11% on 

islet viability was observed in encapsulated islets entrapped with 10 μg/ml 

collagen type VI at day 7. Although, no differences between higher collagen 

VI concentrations at any time-point was observed, in general, the strongest 

and most persistent effects were observed with encapsulated islets containing 

10 µg/ml collagen type VI (p<0.05). 
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Figure 1. Glucose induced insulin secretion (GSIS) of human islets encapsulated in 
alginate-based capsules supplemented with Collagen VI. Concentrations of 0.1, 10 
and 50 µg/ml collagen IV tested at day 3 (a), 5 (b) and 7 (c). The bars from left to 
right indicate insulin production upon incubation with low (2.75 mM), high (16.7 
mM), and low glucose solution of 25 islets for each condition. Values represent mean 
± SEM (n=4, different donors).
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Figure 2. The figure shows the stimulation index (SI) of encapsulated islet in 
response to low (2.75 mM), and high (16.7 mM) glucose. Results from human 
islets encapsulated in alginate-based capsules supplemented with collagen VI at 
concentrations of 0.1, 10 and 50 µg/ml collagen VI tested at day 3, 5 and 7. Error 
bars represent standard error. Statistical significance is indicated by stars (p<0.05).
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Figure 3. Live/dead staining of human islet-cells encapsulated in alginate-based 
capsules containing either 0.1, 10, and 50 µg/ml collagen type VI. Illustration of islets 
in control condition (in alginate capsule without collagen), and a capsule containing 
10 µg/ml  collagen VI (a). Islet-cell viability was enhanced by inclusion of collagen 
VI in the immunoprotective capsule at all-time points tested (b). Encapsulated human 
islets were stained with ethidium homodimer-1 to quantify the percentage of dead 
cells at days 3, 5, and 7 of culture (c). Alginate capsules without ECM components 
served as control. Values represent mean ± SEM (n=4, different donors). *, and ** 
indicates statistical significant differences (p<0.05), and (p<0.01) when compared to 
control islets respectively (Col VI, collagen type VI).
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Interestingly, islet-containing capsules with collagen type VI showed 

a diminished cell death trend compared to controls during the culture days 

(Figure 3c). Although, not statistically significant at day 3, all tested groups 

containing collagen type VI demonstrated a trend to inhibition of cell death. 

At day 5, pancreatic islets entrapped with 0.1 µg/ml collagen type VI have 

shown a 16 + 7.6 % on death cells rate, presenting a decrease of 12.2 % when 

compared to capsules without collagen type VI (p<0.05). 

Oxygen consumption rate analysis 

The effect of collagen VI on oxygen consumption rate (OCR) of islet-cells 

was tested only at 72h of culture because we needed to use relatively high 

amounts of islets. The addition of collagen type VI does enhance OCR, but 

this only reached statistically significant differences when applying 0.1 μg/

ml (p<0.01) and 10 μg/ml (p<0.05). The oxygen consumption rate gives 

an indication of the viability and functionality of the islets and correlates 

with graft survival after implantation [53, 54]. As shown in figure 4, islets 

encapsulated in 0.1 µg/ml collagen type VI had an OCR of 769.07 + 82.9 

pmol O2.min–1.µgDNA-1 which was nearly two-fold higher than the OCR of 

the control group (p<0.01). OCR of islets entrapped with 10 μg/ml collagen 

type VI was 1.5 fold higher than the control group (p<0.05). Additionally, 

there was a trend towards higher OCR using higher concentrations of collagen 

type VI.
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Figure 4. Oxygen consumption rate (OCR) of human islets encapsulated in alginate 

capsules containing a combination of 0.1, 10 or 50 µg/ml after 72 hours in culture. 

OCR was expressed after correction for DNA content (OCR/DNA). Values represent 

mean ± SEM. *, and ** indicates statistical significant differences (p<0.05), and 

(p<0.01) when compared to control islets respectively (n=4, different donors).

Discussion 
Various ECM molecules have shown to enhance the survival of islets. Examples 

of these molecules are laminin and several collagens [27]. Collagens type I 

and type IV have been studied extensively for their role in enhancing survival 

of pancreatic islet-cells [2, 55] but collagen type VI has not been studied 

yet. Collagen type VI is expressed in human connective tissues, and in some 

specialized regions such as the pancreas islet–exocrine interface [35], but its 
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presence in the basement membrane is less recognized [52]. Just like other 

collagen types in islets, collagen VI is structurally damaged and digested 

during the enzymatic isolation process of islets from the pancreas [20]. To 

the best of our knowledge, this study is the first to demonstrate the beneficial 

effects of collagen type VI on functional survival of human islets. Collagen 

type VI can provide advantages over other types of ECM, as collagen type VI 

is the predominant constituent subtype immediately surrounding islets in the 

pancreas [38]. Previous studies have shown that collagen type VI is present 

in the peri-islet capsule in the porcine pancreas [33], whereas collagen type I, 

III, and IV are expressed predominantly in the peri-islet region [56].

  Although not statistical significant, effects on GSIS were 

found. We observed significant survival enhancing effect of up to 20% 

when collagen type VI was incorporated in the alginate-based capsules. In 

addition, beneficial, enhancing effects were observed on OCR. The latter is 

an important measure for viability after implantation as higher OCR values 

correlate with higher graft survival rates after implantation [54]. OCR 

represents the metabolic responsiveness of the islets, and correlates better 

with functionality of the graft than GSIS. [54] Notably, our results are 

obtained with islet-preparations with minimal donor-variations in viability. 

Results may be different with islet-sources of lower quality or preparations 

where larger donor-variability is present. In all cases however collagen VI 

may enhance viability. 

 Higher concentrations of collagen type VI were associated with a 

negative impact on survival of islet-cells. A similar concentration dependent 

effect on islet-OCR has been reported for collagen type IV [2]. This can be 

explained by the fact that supraphysiological collagen concentrations diminish 

metabolic capacity such as insulin release [2, 23, 57]. Negative effects of too 

high collagen concentrations have also been reported in cancer studies. Tumor-
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promoting effects of supraphysiological high concentrations of collagen type 

VI were observed [58], suggesting that increased concentrations enhance cell 

survival at the expense of cell functioning. Thus, increasing the concentration 

of type VI collagen beyond the tissue-concentration could induce toxicity and 

negatively impact islet-cell survival [2, 57-59]. The effect of collagen VI on 

islet-cell survival is different from that of collagen IV. Collagen IV impacted 

both GSIS and viability while collagen VI only impacts viability. Collagen IV 

enhanced GSIS in a concentration dependent fashion and was most effective 

at a concentration of 50 μg/ml [2, 25]. The positive effect on viability was 

similar for the two collagen types. 

 We recently have shown that inclusion of ECM is an efficacious 

strategy to promote islet-cell survival after isolation of human islets from the 

pancreas [2, 57]. Here we have focused on the efficacy of collagen type VI. 

We show it has a positive impact on islet-cell viability. It did not influence 

GSIS but did enhance cell-survival and OCR. Moreover, as collagen VI 

specifically stimulates the cell death inhibitor β1 integrin it is probably this 

interaction that is partly responsible for the beneficial effect of collagen VI 

on islet-cell survival. However, as ECM act in concert with other collagens 

and laminins it might also be that addition of collagen VI to the intracapsular 

environment contributes to re-assembly of the ECM islet-network and by 

that contributes to prevention of cell death. A third explanation is that islet-

isolation is associated with release of deleterious cytokines that damage islet-

cells in an auto- or paracrine fashion [18]. Addition of ECM might reduce 

cytokine susceptibility of islets[57] and thereby contribute to better survival 

of islet-cells [57]. Which ECM components is most effective in supporting 

these beneficial effects is still subject of investigation [2, 57, 59]. In previous 

studies, we have shown that the interaction and beneficial effects of ECM of 

islets is highly ECM dependent and even concentration dependent [2, 57]. 
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Our current study extends these investigations and show that collagen VI 

contributes to survival of islet-cells after isolation from the pancreas. 

Conclusions
Not all but only a few ECM molecules support function and survival of 

human pancreatic islet-cells in alginate-based microcapsules applied for 

immunoprotection of islets [2]. Here we show that collagen VI is one of 

these survivals promoting ECM molecules. Incorporation of 0.1 to 10 µg/ml 

collagen type VI in the alginate-capsule microenvironment promotes islet-

cell viability. The present data underscore that the intracapsular environment 

should receive more attention in effort to support longevity of encapsulated 

islet. 
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General Discussion

Type 1 diabetes is an autoimmune metabolic disorder leading to destruction 

of insulin-producing β-cells, which affect the population worldwide. 

Transplantation of pancreatic islets is an alternative clinical treatment to 

replace the insulin source. This provides a better regulation of the glucose 

levels than can be reached with insulin therapy [1].

In the past decade, significant advances in the field of encapsulation 

have been made. However, still many factors have to be taken into account 

before clinical application on multiscale can be considered [2, 3]. The limited 

survival time of encapsulated islet grafts due inadequacies in ECM induced 

by enzymes needed to isolate pancreatic islets is one of these factors. 

ECM is involved in tissue homeostasis and directing organ 

development. As a consequence, it has been a research-target in tissue 

engineering [4]. Any disturbances in ECM molecules contribute to the 

pathogenesis of diseases such as fibrosis and cancer [4-6]. Considerable 

efforts have been directed towards mimicking the biochemical composition 

of ECM, its fibrillar structure, and its viscoelastic properties to guide cellular 

development [7]. However, recently, it has been shown that ECM’s bioadhesive 

characteristics, proteolytic susceptibility, and growth factor binding capacity 

are also essential factors for cell-development and function [7]. The principle 

applicability of exogenous added ECM to support cell function has been 

demonstrated [8, 9]. ECM provides the correct molecular cues required by 

the cells to facilitate blood vessel formation, which then provides sufficient 

oxygen and nutrient/growth factor transfer that are essential for cell survival. 
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However, it has not been used to its full extend for promoting cellular function 

and survival in cell-transplantation.

The most abundant ECM molecules in pancreatic islets are collagen 

type I, IV and VI, and laminins [10, 11]. However, during islet isolation with 

collagenases for transplantation purposes, the amount ECM molecules in the 

basement membrane of islets is diminished. This impacts islet functionality [12, 

13]. Especially in transplantation of pancreatic islets for diabetes treatment, 

ECM may be instrumental. In this thesis, we study effects of specific ECM 

molecules that might contribute to functional survival of pancreatic islets. 

The tested ECM molecules are inducers of different biochemical pathways 

and supplies signals that are responsible for the survival the graft. Such 

an approach should improve long-term success of islet transplantation as 

treatment of type 1 diabetic patients.

Selection of functional matrices

It is suggested that islet function might benefit from ECM-signals at the 

exterior of the islets and communicate with stimulated cells with the interior 

of the islets. This beneficial effect of cell-matrix interactions are associated 

with cell-cell adhesion and gene expression or the coordinated behavior of 

cell groups [14]. Moreover, the presence of ECM signaling influence cellular 

differentiation, apoptosis (anoikis), and function. In chapter 2, 3, and 5 we 

described all the ECM molecules that influence longevity of the encapsulated 

pancreatic islet after islet isolation. The influence of different ECM molecules 

impact on different manners viability of the encapsulated islets. One of these 
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is the improvement of insulin secretion. This enhancing effect was explained 

by the fact that presence of several integrin variants found in laminin α-1, 

e.g. αvβ3, αvβ5, regulate adhesion of islet-cells [15, 16]. The presence 

of α3β1 and α6β1 that are involved in regulation of insulin secretion also 

explain the enhancing effect of laminin [15, 16]. Another impact related to 

the presence of laminin was on viability. The integrins present in specific 

regions of laminin β-1 and γ-1 may prevent programmed cell death (anoikis). 

This was corroborated by our observation that presence of laminin γ-1 was 

associated with less cell-death. Also, the matrix-cell interactions might 

benefit cytoskeletal organization throughout the islets. Relative large portions 

of β-cells are in the interior of the islet and do not have direct contact with the 

peripheral ECM.

The necessity to mimic natural environments of pancreatic islets is 

crucial for the success of the graft for transplantation purpose. Multiple studies 

on collagen matrix have shown tremendous impact on different cell lines. 

However, different collagen types have been shown to impact survival and 

insulin production of the islet-cells. The effects were shown in this thesis to 

be concentration dependent. For example, collagen type IV suppressed rather 

than stimulated GSIS at higher concentrations [17]. This should be explained 

by the supraphysiological collagen type IV concentrations by overexpression 

enhances cell survival rather than supporting metabolic processes such as 

insulin release [5]. Preferably, the concentration of collagen type IV should 

approach the concentration in the pancreas in order to have beneficial effects. 

Additionally, we showed for the first time that alginate capsules containing 

collagen type VI enhanced viability of islet-cells in the capsules. Although 
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collagen type VI is not fully studied yet, probably a heterophilic binding 

with human islet membrane receptors promote islet-cell survival. One of 

that receptors which might probably be involved with this interaction is the 

cell-death inhibitor β1 integrin that is responsible for the beneficial effect of 

collagen VI on islet-cell survival.

Moreover, the external physical properties of ECM have a complicated 

role in the signalling process, and pancreatic islets are considered dynamic-

organs in which cells migrate and actively communicate instead of behave 

as static cell-clumps [18, 19]. Any benefit from ECM addition must derive 

from indirect matrix restoration [20], which have been shown to influence 

the expression of genes implicated in GSIS [21]. As the consequence of this, 

more islet-cells will benefit from ECM contact. In addition, it is plausible 

that ECM-sequences will migrate into the interior and support beneficial 

processes. 

Importance of ECM of functional matrices

The synergetic effects of collagen type IV and laminin sequence were 

demonstrated on GSIS of encapsulated islets. ECM also had protective 

effects against cytokine activity. In chapter 4, we demonstrate that all ECM 

molecules found to have a positive effect on islet cells in chapter 2 could 

avoid or prevent to some extend cell-death in islet cells. Our observations are 

consistent and corroborated by Zhao et al, who observed that islets contain 

more apoptotic or necrotic cells than those supplemented with ECM [22]. 

Those findings were explained by the fact that the tested ECM components 

support integrin-extracellular matrix interactions by α3 and β1 which are 



164

Chapter 6

critical for modulating cell survival and function [23].

The beneficial effects of ECM on graft function goes further than 

just preventing cell-death. As shown in our results, the encapsulated islets 

supplemented with ECM also release fewer DAMPs. Human islets are potent 

producers of DAMPs such as dsDNA and uric acid [24] which are released in 

reduced amounts after supplementation of specific ECM molecules. All these 

processes can be reduced by adding ECM to the intracapsular environment. 

At the same time, the protection against cytokine activity demonstrated by 

ECM, in dynamics of NO and DAMPs release when the encapsulated islet 

grafts were exposed to the cytokine-mix. 

ECM can really promote islets survival and function for long term?

In vitro models that resembles accurately the immune reaction of human 

body do not exist. A combination of in vitro and in vivo techniques is still 

the best approach. Rodent models are readily available for diabetes studies. 

The mouse model studies are developed for different techniques, having the 

potential to offer conclusive insights about the nature of encapsulated islet 

capsule graft for therapeutics purposes. 

In this thesis, we have addressed the role of ECM in the functional 

survival in encapsulated islet graft. Although, the implantation of encapsulated 

islet graft subcutaneously is known to be less efficient than kidney capsules 

[25, 26], it allows the tracking in vivo by in vivo imaging system (IVIS) 

in normoglycemic mice (chapter 4). Our results show that only specific 

ECM molecules support islet function. Those results were consistent with 

our previous studies. Previous studies of laminin receptors in mouse and rat 
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tissues have demonstrated that integrin α3, α6 and β1 subunits are important 

for the development, organization and function of rodent islets [27, 28]. 

Future perspective

Based on the results from the present thesis, we conclude that addition of 

ECM components to the intracapsular environment can support encapsulated 

islet graft survival. As pancreatic islets do not naturally produce ECM and 

may lose the peri-islet base membrane during isolation process, addition of 

ECM as done in this thesis might increase the success of the encapsulated 

islet graft also in humans.  Before this concept can be applied in humans, 

several improvements are needed to achieve a successful transplant for 

therapeutic purpose. Further investigations into the ratio in which the various 

ECM molecules exists in the islet ECM and how cell membrane receptors 

interact with these components, will possibly provide important information 

into the exact composition and possible design of a fully functional ECM 

supplementation.  

Possible approaches to understand in detail the interface between 

ECM and artificial materials, without compatibility issues are also needed. 

One is that the artificial material, which is compatible with ECM molecules, 

is selected to be suitable for ECM characteristics. The second approach is 

that ECM is modified to be suitable for artificial material. By focusing on 

these differences, it would be able to control the removing and remaining 

of selective ECM to be suitable for artificial materials. Either way, because 

there is still not enough knowledge for functionalization of ECM molecules, 

it should reveal the interaction between ECM and artificial materials. 
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Moreover, investigations into the interrelation between the tested enhancing 

ECM molecules and transmembrane receptors that participates in cell-cell 

and cell-matrix interactions may help to elucidate the reasons why islets 

cannot survive for extended periods once isolated. [29]. 

Another possible promising effect of ECM addition is that it might 

support vascularization in the vicinity of encapsulated islets. For instance, it 

remains to be established whether ECM affects vascularization in islet grafts. 

Islet studies on vascularization in 3D systems containing ECM molecules 

from knockout mice would elucidate different questions about their functions. 

Additionally, In vivo experiments combining islet-promoting ECM molecules 

containing enhancing growth factors could be directly constructed around 

the islets/β-cells, to study their reservoir capacity in encapsulated islet graft 

in order to improve vascularization and protect islets from blood-mediated 

inflammatory reaction [30, 31]. Moreover, the pathways which are involved 

in the interaction with islet-cell membrane is still unknown at this time and 

a predominance of specific ECM type can underscore a better understanding 

of their intrinsic role and application for further engraftments. Together, these 

experiments could help to explain the mechanisms by which ECM molecules 

help islet-cells function and potentially survive in vitro culture and ultimately, 

transplantation.

Finally, in addition to in vitro studies, in vivo studies using animal 

models are vital for determining whether these methods for helping isolated 

islets recover from the isolation process have any clinical relevance. The 

in vivo environment is more complex and thus the ability for these islets 

to survive the engraftment procedure will be a future hurdle that cannot 
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be predicted through in vitro testing alone. Mouse models are easier to 

manipulate and being currently available for use, they are optimal for 

preliminary investigations into initial clinical outcomes, as the approach to 

engineer whole bioartificial organs. Although so far this approach has not yet 

succeeded in regenerating fully functional bioartificial organs, minimalistic 

approaches has been parsimoniously incorporated features of ECM molecules 

such as Collagen IV, RGD peptides or mimics in artificial scaffolds. However, 

proteomic studies have revealed that the ECMs of pancreatic tissue are made 

of 100 + proteins [32] and although reconstructing this complexity may be 

difficult and perhaps unnecessary [33], further proteomics studies aimed at 

characterizing in vivo ECMs should be exploited to guide the design of the 

next generation of bio-inspired scaffolds to support organ regeneration.
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Summary
Type 1 diabetes is an autoimmune disease leading to destruction of insulin-

producing β-cells. Currently, the most common treatment is insulin injections. 

These insulin injections cannot prevent episodes of hyper or hypoglycemia. 

This has a high impact on the quality of life of patients and may result in 

severe side effects on the long term. The only way to prevent hypoglycemia 

and diabetic complications is by providing the patients with an insulin source 

that regulates glucose levels from a minute-to-minute level.

 Transplantation of the insulin producing pancreatic islets is having the 

preference as it contrasts with transplantation of the whole pancreas and can 

regulate glucose levels in real time without association with major surgery. 

Despite its advantages, transplantation is still associated with too low success 

rates to merit large scales application. Many contributing factors have been 

identified to promote graft failure, but the ECM integrity of islets in graft 

function and survival are considered to be one of those factors. During islet-

isolation process, the ECM molecules that surround the islets and interconnect 

the endocrine cells in the pancreatic islets are damaged by application of 

enzymes that selectively breakdown the ECM molecules between endocrine 

and exocrine cells in the pancreas, impacting islet-function.  This enzymatic 

degradation process impacts islet-function and cell-death processes such 

as anoikis, necroptosis, and necrosis.  Reduction of cell death by targeting 

restoration of the ECM may, therefore, be a conceivable approach to enhance 

graft survival of pancreatic islet grafts.

 In chapter 1, we reviewed the ECM molecules which are normally 

expressed in the islet ECM followed by discussing the current knowledge on 
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ECM and contribution to the function of islets or other organs. The pancreatic 

islets contain almost all major ECM molecules, such as collagen, laminins, 

fibronectin, fibrin, and GAGs. In the pancreas, many ECM molecules have 

been associated with specific biological processes. Therefore, we propose in 

chapter 1, a three-dimensional (3D) capsule graft supplemented with potential 

ECM molecules as artificial transplantation site to enhance the survival of 

encapsulated pancreatic islets. This could lead to understand the role of ECM 

in biology and functional survival of pancreatic islets and lead to improved 

long-term success rate of islet transplantation as treatment of type 1 diabetes. 

The scope of this thesis was described on this chapter, including the main goal 

for each chapter.

 As not all ECM components had beneficial effects, in chapter 2 we 

tested different ECMs molecules in alginate-encapsulated human islets. 

These laminin derived recognition sequences, IKVAV, RGD, LRE, PDSGR, 

collagen I sequence DGEA (0.01-1.0 mM), and collagen IV (50-200 µg/

ml) were tested in single and combinations of ECM molecule. This chapter 

described the acute effect of specific ECM molecules to promoted islet 

viability and glucose-stimulated insulin secretion (GSIS). We demonstrated 

the potential of specific ECM components in support of functional survival of 

human encapsulated and free islet grafts.

 In chapter 3, we evaluated the protective effect of ECM to cytokine-

mediated in pancreatic islet capsules enhanced with ECM molecules. Thus, 

the encapsulated islets were exposed to IL-1β, IFN-γ, and TNF-α, at specific 

time. The results showed that the combinations of selected ECM improved the 

islet-cell survival and reduced necrosis and apoptosis after cytokine exposure. 
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The results showed that collagen IV-RGD and collagen IV-LRE reduced 

danger-associated molecular patterns (DAMPs) release from encapsulated 

human islets. Moreover, collagen IV-RGD and collagen IV-PDSGR reduced 

NO release from encapsulated islets. In general, using supplemented capsules 

with ECM molecules beneficially impact in the oxygen consumption rate 

(OCR). Encapsulated islets in capsules with collagen IV-LRE showed more 

dysfunction and OCR was not different from islets in control capsules without 

ECM. Our data demonstrates that incorporation of specific ECM molecules 

such as collagen type IV with the laminin sequences RGD and PDSGR in 

immunoisolated islets can protect against cytokine toxicity.

 To study the impact of ECM molecules on graft survival duration and 

function in vivo we used in chapter 4, a diabetic Crl:NU(NCr)-Foxn1nu mice 

model to compare the allogenic graft survival of inclusion of collagen IV 

and either RGD, LRE, PDSGR on functional survival.  After streptozotocin-

induced diabetes, the Crl:NU(NCr)-Foxn1nu mice received xenograft of 300 

bioluminescent-islets in capsules per group on the back, containing collagen 

IV and either RGD, LRE, PDSGR. The normoglycemia was maintained for 6 

weeks in most of the recipients. In an ex vivo evaluation of glucose induced 

insulin release, oxygen consumption rate demonstrated that inclusion of ECM 

in the intracapsular environment of immunoisolating microcapsules promotes 

islet-cell survival. Analysis on differentially regulated genes demonstrated 

that ECM molecules could directly affect on the functional islet survival in a 

dependent fashion.

 The primary aim in chapter 5 was to study the effects of one of the 

most abundant collagen in the pancreatic islet environment, collagen type 
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VI. We tested encapsulated human pancreatic islets entrapped with collagen 

VI at concentration ranged from 0.1 to 50 µg/ml.  Presence of collagen VI 

demonstrate clear improvement on islet-cell viability and OCR. Our results 

demonstrate that incorporation of collagen type VI in immunoisolated islets 

support the viability and might enhance functional graft survival.

 Finally, chapter 6 contains the general discussion and future 

perspectives on the development and a suggestion to improve islet capsule 

grafts for treatment of diabetes. This thesis is unique due to for first time we 

demonstrated that ECM molecules have a clear role on the islet-cell survival. 

Future studies on this work should be focus in the mechanism of what ECM 

molecules module the function and survival on pancreatic islets.
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Type 1 diabetes is een auto-immuunziekte die leidt tot vernietiging van 

insulineproducerende β-cellen. Momenteel is de meest voorkomende 

behandeling insuline-injecties. Deze insuline-injecties kunnen episoden van 

hyper- of hypoglykemie niet voorkomen. Dit heeft een grote impact op de 

kwaliteit van leven van patiënten en kan leiden tot ernstige bijwerkingen 

op de lange termijn.  De enige manier om hypoglykemie en diabetische 

complicaties te voorkomen is door de patiënten een insulinebron te geven die 

de glucosespiegels van minuut tot minuut regelt.

Transplantatie van de insulineproducerende pancreaseilandjes heeft de 

voorkeur omdat het contrasteert met transplantatie van de gehele pancreas, 

en glucose-niveaus in real time kan reguleren zonder associatie met grote 

operaties. Ondanks de voordelen ervan, wordt transplantatie nog steeds 

geassocieerd met te lage succespercentages om toepassing op grote schaal te 

verdienen. Veel factoren die bijdragen aan het bevorderen van afstoting zijn 

geïdentificeerd, maar de ECM-integriteit van eilandjes in transplantaatfunctie 

en overleving worden als een van die factoren beschouwd. Tijdens het 

eilandisolatieproces worden de ECM-moleculen die de eilandjes omringen en 

de endocriene cellen in de eilandjes van de pancreas verbinden, beschadigd 

door toepassing van enzymen die selectief de ECM-moleculen tussen 

endocriene en exocriene cellen in de pancreas afbreken en de eilandjesfunctie 

beïnvloeden. Dit enzymatische afbraakproces beïnvloedt de eilandjesfunctie 

en celdoodprocessen zoals anoikis, necroptose en necrose. Vermindering 

van celdood door zich te richten op het herstel van de ECM kan daarom een 

denkbare benadering zijn om transplantaatoverleving van pancreaseilandjes 

te verbeteren.
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In hoofdstuk 1 hebben we de ECM-molecules besproken die normaal 

worden uitgedrukt in de eiland-ECM, gevolgd door een bespreking van de 

huidige kennis over ECM en de bijdrage aan de functie van eilandjes of 

andere organen. De pancreaseilandjes bevatten bijna alle belangrijke ECM-

moleculen, zoals collageen, laminines, fibronectine, fibrine en GAG’s. In 

de pancreas zijn veel ECM-moleculen in verband gebracht met specifieke 

biologische processen. Daarom stellen we in hoofdstuk 1 een driedimensionaal 

(3D) capsule-transplantaat voor dat is aangevuld met potentiële ECM-

moleculen als kunstmatige transplantatieplaats om de overleving van 

ingekapselde pancreaseilandjes te verbeteren. Dit zou kunnen leiden tot een 

beter begrip van de rol van ECM in de biologie en functionele overleving van 

pancreaseilandjes en leiden tot een verbeterd succespercentage op de lange 

termijn van eilandjestransplantatie als behandeling van type 1 diabetes. De 

reikwijdte van dit proefschrift is beschreven in dit hoofdstuk, inclusief het 

hoofddoel van elk hoofdstuk.

Omdat niet alle ECM-componenten gunstige effecten hadden, testten we 

in hoofdstuk 2 verschillende ECM-moleculen in alginaat-ingekapselde 

menselijke eilandjes. Deze van laminine afkomstige herkenningssequenties, 

IKVAV, RGD, LRE, PDSGR, collageen I-sequentie DGEA (0,01-1,0 

mM) en collageen IV (50-200 μg / ml) werden getest in enkelvoud en in 

combinaties van ECM-molecuul. Dit hoofdstuk beschreef het acute effect van 

specifieke ECM-moleculen voor de bevordering van de levensvatbaarheid 

van eilandjes en de glucose-gestimuleerde insulinesecretie (GSIS). We 

hebben het potentieel van specifieke ECM-componenten aangetoond ter 

ondersteuning van de functionele overleving van menselijk ingekapselde - en 

vrije eilandjestransplantaten.
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In hoofdstuk 3 evalueerden we het beschermende effect van ECM op cytokine-

gemedieerd in pancreaseilandjescapsules versterkt met ECM-moleculen. 

Aldus werden de ingekapselde eilandjes op een specifiek tijdstip blootgesteld 

aan IL-1ß, IFN-y en TNF-a. De resultaten toonden aan dat de combinaties 

van geselecteerde ECM de overleving van eilandjescellen en verminderde 

necrose en apoptose na blootstelling aan cytokine verbeterden. De resultaten 

toonden aan dat collageen IV-RGD en collageen IV-LRE de met gevaar 

geassocieerde moleculaire patronen (DAMPs) afgifte van ingekapselde 

menselijke eilandjes reduceerden. Bovendien verminderden collageen IV-

RGD en collageen IV-PDSGR verminderde NO-afgifte uit ingekapselde 

eilandjes. Over het algemeen heeft het gebruik van gesupplementeerde 

capsules met ECM-moleculen een gunstige invloed op het zuurstofverbruik 

(OCR). Ingekapselde eilandjes in capsules met collageen IV-LRE vertoonden 

meer disfunctie, en OCR verschilde niet van eilandjes in controlecapsules 

zonder ECM. Onze gegevens tonen aan dat de opname van specifieke ECM-

moleculen zoals collageen type IV met de laminine-sequenties RGD en 

PDSGR in geïmmunoisoleerde eilandjes bescherming kunnen bieden tegen 

cytokine-toxiciteit.

Om de impact van ECM-moleculen op de overlevingsduur en functie 

van transplantaten in vivo te bestuderen, hebben we in hoofdstuk 4 een 

diabetisch Crl:NU(NCr)-Foxn1nu-muizenmodel gebruikt om de allogene 

transplantaatoverleving van opname van collageen IV en RGD, LRE, PDSGR 

te vergelijken op functionele overleving. Na streptozotocine-geïnduceerde 

diabetes ontvingen de Crl:NU(NCr)-Foxn1nu-muizen xenotransplantaat 

van 300 bioluminescente eilandjes in capsules per groep op de rug, die 

collageen IV bevatten en ofwel RGD, LRE, PDSGR. De normoglycemie 
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werd bij de meeste ontvangers gedurende 6 weken gehandhaafd. In een 

ex vivo evaluatie van glucose-geïnduceerde insulineafgifte, toonde de 

zuurstofconsumptiewaarde aan dat opname van ECM in de intracapsulaire 

omgeving van immunoisolerende microcapsules de eilandjesceloverleving 

bevordert. Analyse van differentieel gereguleerde genen toonde aan dat ECM-

moleculen op een afhankelijke manier rechtstreeks van invloed kunnen zijn 

op de overleving van functionele eilandjes.

Het primaire doel van hoofdstuk 5 was het bestuderen van de effecten van een 

van de meest voorkomende collageen in de pancreatische eilandomgeving, 

collageen type VI. We testten ingekapselde menselijke eilandjes van de 

pancreas gevangen in collageen VI met een concentratie variërend van 0,1 tot 

50 μg / ml. De aanwezigheid van collageen VI toont een duidelijke verbetering 

aan van de levensvatbaarheid van eilandcellen en OCR. Onze resultaten tonen 

aan dat de opname van collageen type VI in geïmmunoisoleerde eilandjes de 

levensvatbaarheid ondersteunt en de functionele transplantaatoverleving kan 

verbeteren.

Tot slot bevat hoofdstuk 6 de algemene discussie en toekomstperspectieven op 

de ontwikkeling, en een suggestie om islets capsule grafts islets te verbeteren 

voor de behandeling van diabetes. Dit proefschrift is uniek omdat we voor de 

eerste keer hebben aangetoond dat ECM-moleculen een duidelijke rol spelen 

bij de overleving van eilandjescellen. Toekomstige studies over dit werk 

zouden gericht moeten zijn op het mechanisme van wat ECM-moleculen de 

functie en overleving moduleert op pancreatische eilandjes.
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