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Type 1 Diabetes (T1D) is a metabolic disorder as a result of autoimmune destruction 

of insulin producing β-cell, which usually results in absolute insulin deficiency [1]. The 

management of T1D has developed rapidly during the past decades, particularly with 

respect to the introduction of precise external insulin therapy as the standard of care 

[2]. Despite the technical improvements in insulin delivery, T1D remains a serious and 

common medical challenge worldwide that largely affects the growth, development 

and quality of life of children, adolescents, and young adults [3]. There is a high demand 

for insulin delivery without the use of exogenous insulin delivery systems that can 

regulate glucose levels from a minute to minute level. One of these is transplantation 

of pancreatic islets. This involves replacing the destroyed β-cell and allows regulation 

of glycemic levels of patients on a minute-to-minute level [4]. A proven benefit of islet-

transplantation is that it is associated with a marked reduction in severe hypoglycemic 

events which is currently a major issue with exogenous insulin therapy [5]. Application 

however is hampered by the mandatory use of life-long immunosuppression to prevent 

immune rejection and autoimmunity [6]. Great successes of islet transplantation have 

been achieved with immunosuppressive regimens [7]. However, the development of 

optimal immunosuppressive regimens that are strong enough to inhibit rejection of islet 

grafts, yet mild enough for application in patients including in low-weight child patients, 

remains a daunting challenge [8].

A conceivable approach to prevent the use of immunosuppression is 

envelopment of insulin producing tissue in immunoprotective membranes, also called 

immunoisolation [9, 10]. This approach involves the use of semipermeable membranes 

in devices that facilitate the exchange of oxygen, nutrients, and insulin but protect 

the islets against the host immune response [11]. However, although success has been 

shown with encapsulated cells in curing T1D, graft survival was limited to several months 

in most studies, which restricts its clinical application [12]. Several factors have been 

proposed to be responsible for restricted graft survival time. These are lack of sufficient 

oxygen/nutrient supply caused by tissue responses that induce peri-capsular fibrosis 

overgrowth, unfavorable surface to volume ratio, and insufficient revascularization 

are crucial constrains to long-term islet functional survival [13-15]. Many contributing 

supplements, e.g. programmed death-ligand 1 antagonists, necrostatin-1 and collagen 

VI have been identified as molecules that can prolong graft survival [15-18]. The majority 

of them demand complex and expensive process of synthesis or extraction [19-21].
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The most commonly applied and detailed studied polymer in encapsulation is 

alginate that can be extracted from a variety of algae [14]. Alginate is a natural anionic 

linear polysaccharide allowing crosslinking with divalent cations such as calcium ions 

in an egg-box model configuration [22]. Alginate-based capsules are non-degradable, 

resist mechanical stress, and have been proven to protect the encapsulated islets from 

the attack of immune cells [12]. As outlined in the introduction (Chapter 1), alginates 

may still suffer from undesired inflammatory responses caused by impurities in 

alginates such as endotoxin but also physicochemical properties of the final capsules 

such as surface roughness, irregularities that may enhance tissue responses. Amble 

research efforts focus on means to prevent these undesired tissue responses. These 

involve rational choices and modifications of polymers [23], anti-biofouling polymer 

brushes [24], inclusion of accessory cell strategies [25], etc. as reviewed in chapter 

1. Here in this thesis we choose to study in detail the benefits of including pectins in 

the manufacturing of alginate-based capsules to reduce tissue responses. A pertinent 

reason for this is that pectin contains just like alginate negatively charged carboxylate 

groups allowing crosslinking with calcium ions and could therefore relatively easily 

be incorporated into alginate-capsules [22]. The immunomodulatory properties of 

pectins have been shown during recent years by our group. Pectin has direct effects 

on immune cells by lowering inflammatory responses by inhibiting TLR2/1 signaling 

and is therefore a unique candidate for incorporation in capsule surfaces to reduce 

inflammatory responses [26, 27]. Additionally, pectin has several health benefits and, 

as recently shown, has anti-diabetogenic effects [28]. Also, pectin can be utilized by 

commensal bacteria in the gut and stimulate production of microbial products that are 

anti-inflammatory and stimulate metabolism [29]. Because of the unique features and 

possible beneficial effects of pectins we studied in this thesis the impact of inclusion 

of pectins on the surface of immunoisolating micro- and macrocapsules as well as the 

influence of pectin on islet function either as blood born molecule or when fermented 

by gut microbiota to short-chain fatty acid (SCFA). Such findings may broaden the 

medical application of pectin and improve clinically long-term success rates of islet 

transplantation as treatment of T1D patients.

T h e b e n e f i t s  o f  p e c t i n o n i s l e t  f u n c t i o n a r e d e g r e e o f  m e t hy l -
e s t e ri f i c a t i o n (D M) d e p e n d e nt

Dietary fiber pectin has been reported to prevent the development of diabetes by 
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regulating glucose metabolism and shaping the composition microbiota as prebiotic, 

and to alleviate cell oxidative and inflammatory stress in spleen and liver tissues [30, 

31]. However, the direct influence of pectin on pancreatic β-cells was not investigated. 

In this thesis in chapter 2, we used pectins that were are extracted from lemon peel, 

which mainly consist of homogalacturonan molecules [32]. These lemon pectins are 

predominantly composed of a backbone of α-1, 4-linked-D-galacturonic acid residues 

that are partly methyl-esterified [26, 32]. An increasing number of studies have 

revealed the significance of DM to the efficiency of pectins’ bio-functionality [26, 28, 

33, 34]. Consequently, we compared, in chapter 2, effects of different DM pectins on 

pancreatic β-cell functionality in presences and absence of stressor and found that 

especially low-DM pectin exhibited the most protective abilities against oxidative and 

inflammatory damage. This phenomenon may be explained by the positive correlation 

between DM and molecular weight of pectins [46]. The de-esterification procedure 

applied for pectin results in shorter chains and a decrease in the molecular weight of 

the pectin [20,47]. As a consequence of this reduction in molecule size more methoxy 

groups become available for binding with Galectin-3. Although longer chain pectins 

could contain more binding regions [48], the complicated 3D structures of pectin may 

prevent free binding with Galectin-3.

Pr o t e c t i o n a g a i n s t  D a n g e r  a s s o c i a t e d m o l e c u l a r  p a t t e r n s by 
p e c t i n i s  D M d e p e n d e nt

A topic in islet-research is the role of so-called danger-associated molecular patterns 

(DAMPs) in failure of islet-grafts. DAMPs may provoke and amplify the undesired 

inflammatory processes and ultimately lead to 60% graft failure in days to weeks 

post-implantation [35]. The receptor TLR2 plays a fundamental role in DAMP recognition 

and activation of innate immunity [35,36]. This was the reason to study whether 

incorporation of pectins on surfaces of immunoisolating membranes may lower DAMP 

induced immune responses against encapsulated islets. In chapter 4, we demonstrate 

that low-DM pectin located on the surface of microcapsules protect encapsulated 

islets from excessive immune responses by inhibiting TLR2/1 signaling in macrophages 

activated by islet-derived DAMPs. Notably, this immunomodulation feature of pectin 

is also highly DM-dependent. The tested lowest-DM (DM18) pectin had the strongest 

TLR2/1 inhibition. The mechanism of inhibition is pectin direct binding to R315, R316, 

R321, and K347 amino acids in the TLR2 ectodomain by electrostatic interactions (Figure 
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1) [20]. Pectins of low-DM value have more negatively charged non-methyl esterified 

galacturonic acids, which are more likely to interact with the ectodomain of TLR2 than 

pectins with higher numbers of methyl-esterified blocks.

Figure 1. Pectin binds to TLR2 through electrostatic binding between the positively charged 
amino acids (R315, R316, R321, and K347) and negatively charged carboxyl group (COO-).

Although results from chapter 2 and 4 reach to similar conclusion that pectin 

with lower-DM exhibits higher efficiency in supporting pancreatic β-cell survival, the 

correlation between benefits of pectin and its DM value, however, has not been rigorously 

studied. Since pectin is both polymolecular and polydisperse, it is heterogeneous 

with respect to both chemical structure and molecular weight [46]. In addition to DM 

value and molecular weight, other chemical characteristics such as the composition of 

sidechain monosaccharides and degree of acetylation might influence the biological 

characteristics of pectins [49]. These structural characteristics are highly determined by 

the origin and extraction process [39,50,51]. Much deeper work on structure-function 

relations of pectins needs to be done to understand the benefits of this complex and 
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versatile polymer. In the near future, tailored pectins with specific chemical structures 

might be synthesized and further increase the efficiency of its biological function.

T h e b e n e f i t s  o f  S C FA s a r e d o s e - d e p e n d e nt

Pectins are also dietary fibres and can be fermented after intake by consumers, by gut 

microbiota into SCFAs, e.g. acetate and butyrate, which are essential nutrients for host 

enterocytes, and can modulate insulin sensitivity, systemic inflammation, and glucose 

and lipid [36]. Previous studies have shown that SCFAs may stimulate the antioxidant 

defense against e.g. ischemia-reperfusion injury in cell types other than β-cells such as 

in brain cells [37]. In chapter 3, we took these studies as inspiration to demonstrate the 

strong viability promoting effects and protection against oxidative and nitrosative stress 

on β-cells by both acetate and butyrate at lower concentrations of 1 mM, while higher 

concentrations had adverse effects. The physiological concentrations of acetate and 

butyrate in the portal and peripheral circulation were also found to be approximately 

1 mM [38,39]. The loss of protection at higher concentrations and observed enhanced 

apoptosis at 4 mM with both SCFAs might be caused by multiple mechanisms. A plausible 

explanation is a lowering of intracellular pH induced by excessive SCFAs entering 

β-cells. Other explanations are that the oxidative and mitochondrial stress caused by an 

incomplete fatty acid oxidation increases ketone bodies in the cell and causes cell death 

[40,41]. Moreover, a higher concentration of SCFAs may upregulate the transcription of 

cellular growth-inhibitory genes by modifying their histone acetylation status, leading 

to cytotoxicity [42,43]. Compared with large-molecules e.g. pectin that only function 

extracellularly, small molecules e.g. SCFAs can readily enter cells via passive diffusion 

and active transport [38], indicating a possibility that SCFAs function intracellularly 

and extracellularly depending on the concentration. Adverse effects of SCFAs at 

higher concentrations have also been reported for hepatotoxicity and autoimmune 

diseases [39-41]. This indicates that application of SCFAs by simple administration [42] in 

supraphysiological concentrations holds a risk for well-being of consumers.

In addition to chapter 2, where we demonstrate a direct protective effect of 

pectin on β-cells, results from chapter 3 demonstrate and suggest that SCFAs formed 

from dietary fibers also play an essential role in supporting β-cell metabolism and 

promoting survival under stressful conditions. This was another reason to undertake 

studies towards the beneficial effects of pectins on β-cells in chapter 2 and might also 
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be a contributing factor to the enhanced graft survival of islets in capsules containing 

low-DM pectins in chapter 4 and 5.

Overall our findings from chapter 2 and 3 indicate that pectins have both direct 

and indirect effects on β-cells as dietary fibre and can contribute to beneficial effects 

on both Type 1 and 2 Diabetes by stimulating crosstalk between intestinal microbial 

population-host immunity.

D e m a n d f o r  i m m u n o i s o l a t i ve i s l e t  s c a f f o l d

The efficiency of cell replacement therapy has been limited by insufficient oxygen 

delivery [13, 14, 43]. Immunoisolation compromises active revascularization and 

therewith prevents active transport of oxygen and other nutrients. Oxygen supply 

depends on passive diffusion of oxygen [44-46]. Negatively charged surface helps 

cell-based devices to withstand peri-capsular fibrotic overgrowth [23, 47]. However, it also 

limits peri-capsular angiogenesis. Compared with macrocapsule, microcapsule provides 

an optimal surface to volume ratio facilitating diffusion of essential nutrients such as 

oxygen and is therefore preferred by many for immunoisolation [11]. The better surface 

to volume ratio of micro-device is at the cost of increasing transplant volume, which is 

itself a risk for an immune system reaction and complicates the choice of transplant site. 

Also microcapsules cannot be easily retrieved upon failure of grafts [48, 49]. We therefore 

studied in chapter 5 the contribution of inclusion of low-DM pectins in a macrocapsule 

to determine whether it reduces tissue responses, allows readily vascularization of the 

surface and whether it provides any benefits for β-cells when present in macrocapsules 

under stress. To increase surface to volume ratio and allow peri-device revascularization, 

a printed device was designed as a grid-shape hydrogel scaffold that encapsulates cells 

inside. To accomplish high-fidelity printing, the triblock copolymer Pluronic F127 was 

involved to improve the printability of alginate solution. Since the polymers Pluronic 

F127 are not crosslinked with calcium ions, they generate micropores on the surface of 

scaffold after washing. The size of these pores is reported smaller than immunocyte [50]. 

That means the scaffold simultaneously achieves immunoisolation and would facilitate 

angiogenesis and the diffusion of oxygen and insulin.

In chapter 5 we demonstrate the anti-apoptotic and immunoregulatory functions 

of low-DM pectin in vitro and in vivo when included in a 3D-printed macrocapsule. Further 
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animal implantation studies are needed to exam the efficiency of this immunoisolative 

and immunoregulative scaffold on supporting long-term functional survival of islet 

grafts.

Co n c l u s i o n s a n d f u t u r e p e r s p e c t i ve

Based on the results from the present thesis, we conclude that addition of low DM-pectin 

to the intracapsular environment and on the surface of the capsule can support 

encapsulated islet graft survival. Pectins may have benefits for management of Diabetes 

as blood born oligomers have direct beneficial effects on islets (chapter 2) and also as 

the functional fermentation products of dietary pectin, namely acetate and butyrate 

rescue islets from mitochondrial dysfunction when exposed to inflammatory or oxidative 

stressors (chapter 3). The beneficial effects of pectin exist both in vivo and in vitro. Before 

the concept can be clinically applied in humans, several improvements are needed to 

achieve a successful transplant for therapeutic purposes. In addition to animal studies 

in mouse models, studies using large animals are vital for determining whether these 

beneficial effects have long-term clinical relevance. However, our studies also involved 

use of human TLR2-1 and demonstrate a beneficial effect of low-DM pectins on human 

TLRs as well in chapter 4. Further investigations into structure-function relations of 

pectin and how cell membrane receptors interact with functional domains of pectin, will 

give more comprehensive knowledge to make rational choices for pectin with specific 

structural characteristics. Possible approaches to obtain pectin with specific structures 

are also needed to achieve reproducible effects. Only through comparison between 

pectin types with various chemical structures, the relation between pectin’s function 

and its chemistry can be clearly displayed.

In addition to the tissue responses and cell stress, the low availability and 

suboptimal quality of cadaveric donor pancreata for islet isolation also compromise the 

large clinical application of islet transplantation [51]. That makes using of alternative cell 

source a promising strategy to enlarge the application in T1D treatment [52]. Due to 

the incorporation of pectin into alginate-based microcapsules that can locally regulate 

host innate immunity, these immunoregulatory capsules may improve the applicability 

of xenogeneic islets, such as porcine islets [15, 35].

It has been shown by us and others that dietary fiber pectin provides numerous 
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health benefits including anti-diabetic, anti-inflammation, and anti-cancer effects. 

However, since structures of pectins can vary considerably resulting from various 

sources and different approaches of extraction and procession, lab-to-lab variations 

in functional efficiency of pectins is likely to occur. Beside an enlargement of in vitro 

and in vivo investigations into beneficially healthy functions of pectin, in silico analysis 

of structure-function relations of pectin is also urgently needed to explain and 

overcome possible lab-to-lab variations. These computer simulations will facilitate the 

identification of more potential receptors of pectins. Also, pectin as novel biomaterial 

was tested in 3D-printed immunoisolative scaffolds in chapter 5, which improved β-cell 

survival but did not significantly promote vascularization. To further shorten the time 

of hypoxia and low nutrient post-transplantation, employing pro-angiogenetic factors 

[53], oxygen carriers, and generators e.g. HEMOXCell [54] and OxySite [55], should be 

taken into consideration in future studies.

The rational choices for encapsulating polymer are immensely important 

for reducing tissue responses and supporting islet graft survival, and ultimately the 

successful treatment of T1D. The thesis explored the application of low-DM pectin as a 

preincubation or coating of the islet graft to improve graft survival. As a natural polymer 

with excellent biocompatibility, immune regulatability, and cellular protectability, we 

believe that the highly abundant and low-cost natural polymer pectin might have a 

great potential for reducing the expense and cytotoxicity of diabetes treatment.
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