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Abstract
Wang, Y. 2022. Islet Amyloid Polypeptide: Interaction with Amyloid Beta, Alpha-Synuclein
and BRICHOS. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty
of Medicine 1805. 57 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1390-0.

Amyloid, the congophilic deposits of misfolded protein, are pathological hallmarks of many
common diseases, among others, Alzheimer’s disease (AD), Parkinson’s disease (PD), and type
2 diabetes (T2D). Amyloid beta (Aβ) forms senile plaques in AD, alpha-synuclein (aSyn) forms
Lewy bodies and Lewy neurites in PD, islet amyloid polypeptide (IAPP) forms islet amyloid
in T2D. Amyloid fibril formation is a nucleation-dependent process, which can be accelerated
via the addition of preformed seeds. This mechanism is referred to as seeding or cross-seeding,
depending on whether homologous or heterologous seeds are added. The present thesis has
investigated the interaction between IAPP and Aβ, IAPP and aSyn, and IAPP and anti-amyloid
chaperone Bri2 BRICHOS. The possibility of using luminescent conjugated oligothiophenes
(LCOs) to detect islet amyloid formation has also been examined.

IAPP and Aβ interacted at molecular level in living cells and preferred parallel binding over
anti-parallel binding. Interaction of IAPP and Aβ led to the formation of intracellular amyloid,
increased lysosomal area, increased superoxide production, and increased susceptibility to cell
death. In addition, co-expression of IAPP and Aβ in brain of Drosophila melanogaster resulted
in co-deposition of proteins and reduced fly lifespan. These results provide a molecular link
between AD and T2D.

ASyn expressed in pancreatic β cells, co-localized with IAPP but was absent in extracellular
islet amyloid. Preformed aSyn seeds triggered IAPP fibril formation, but not vice versa. Neither
knockdown nor overexpression of aSyn affected β cell viability. These results suggest that the
proximity of aSyn and IAPP does not guarantee functional interference.

Bri2 BRICHOS expressed in pancreatic β cells and co-localized with both intracellular IAPP
and extracellular islet amyloid. Bri2 BRICHOS inhibited IAPP fibril formation and reduced
IAPP-induced cytotoxicity. Knockdown endogenous Bri2 increased the susceptibility of β cells
death under stressed conditions, but overexpression of BRICHOS rescued β cells. These results
suggest BRICHOS be a potential endogenous chaperone in preventing islet amyloid formation
in β cells.

The LCO pFTAA-CN detected islet amyloid in fixed islets, unfixed frozen islets, and living
islets and could be used to monitor islet amyloid formation in real-time without interfering with
the formation of islet amyloid.

In conclusion, the interaction between IAPP and Aβ results in increased toxicity on cells,
while the impact of the interaction between IAPP and aSyn is still an open question, Bri2
BRICHOS is an endogenous inhibitor of IAPP fibrillation and toxicity. PFTAA-CN is suitable
for detecting islet amyloid under various conditions.
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Life can only be understood backwards, 
but it must be lived forwards. 

 
 —Søren Kierkegaard 
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Abbreviations 

Aβ Amyloid-beta  
AD Alzheimer’s disease  
APOE Apolipoprotein E 
APP Amyloid precursor protein  
ASyn Alpha-synuclein  
BiFC Bimolecular fluorescence complementation  
CF Cystic fibrosis  
CFTR Cystic fibrosis transmembrane conductance regulator  
CGRP Calcitonin gene related peptide 
ChM-1 Chondromodulin-1  
CLR Calcitonin receptor-like receptor 
CPE Carboxypeptidase E  
CT Calcitonin   
CTR Calcitonin receptor 
DPP4 Dipeptidyl peptide 4 
ER Endoplasmic reticulum  
EYFP Enhanced yellow fluorescent protein  
FBD Familial British dementia  
FDD Familial Danish dementia  
GDM Gestational diabetes mellitus  
GST Glutathione S-transferase  
HSPG Heparin sulfate proteoglycan  
IAPP Islet amyloid polypeptide  
ICD Intracellular domain 
ITM2B Integral transmembrane protein 2b 
LBs Lewy bodies 
LCOs Luminescent conjugated oligothiophenes  
LNs Lewy neurites  
LNvs Lateral ventricle neurons 
MMP Mitochondrial membrane potential  
NAC Non-amyloid component  
NMR Nuclear magnetic resonance  



PAM Peptidyl α-amidating monooxygenase complex  
PC  Prohormone convertase   
PD Parkinson’s disease  
PLA Proximity ligation assay 
PMDs Protein misfolding diseases 
proSP-C Prosurfactant protein C  
RAMPs Receptor-activity modifying proteins 
SAP Serum amyloid P component  
SN Substantia nigra 
SPPL  Signal peptide peptidase like   
T2D Type 2 diabetes  
ThT Thioflavin T 
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Introduction 

Proteins 
Proteins are a group of biomacromolecules that constitute about 55% of the 
dry cell weight. There are about 20,000 human protein-coding genes, whose 
corresponding proteins participate in essentially all of the functions of the hu-
man body from cell growth to energy generation to metabolism and disease 
development and they can even serve as drug targets (1). Since the protein 
function directly depends on the protein structure, a nascent protein needs to 
fold into a defined 3-dimensional native state to acquire its functional activity. 
Protein in the native form has a compact conformation in which the Gibbs free 
energy of the whole protein is at global minima (2). This is determined by the 
amino acid sequence (2). In fact, many proteins could exist in two forms: a 
soluble globular form and an insoluble fibrillar form. While the former are 
usually those with functional activity, the latter could be considered as the 
intrinsic polymer of polypeptide chains (3).  

Protein misfolding diseases 
Protein misfolding diseases (PMDs) include a variety of human diseases 
caused by proteins' inability to fold into or remain in their native functional 
states (4). Protein misfolding is involved in most diseases not caused by in-
fectious agents. An example is sickle cell anaemia caused by a glutamic acid 
to valine mutation in the β globulin chain of haemoglobin (5-7). The mutant 
proteins form long polymers upon deoxygenation, which distort erythrocytes 
into crescent or sickle shapes. The alteration reduces erythrocytes' elasticity, 
causing great pain, anaemia, and extensive tissue damage (8). Cystic fibrosis 
(CF) is caused by mutations in the gene encoding cystic fibrosis transmem-
brane conductance regulator (CFTR), an ATP-dependent Cl- channel. As a re-
sult, fewer CFTR and decreased Cl- conductance are observed in affected ep-
ithelial cells (9,10). However, the largest group of PMDs are diseases associ-
ated with amyloid deposition (11). 
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Amyloid  
The main constituent of amyloid is the amyloid protein arranged in highly 
ordered fibrils. In turn, the fibrils are built up by protofilaments made of mis-
folded proteins stacked in β-sheet structure (11). Amyloid could be stained by 
Congo red and exhibits characteristic green, yellow or red birefringence under 
polarized light (Figure 1). High-resolution analysis of amyloid fibrils reveals 
highly ordered fibrils with a diameter of 8-10 nm and a variable length (12). 
X-ray diffraction procedure identifies a cross-β diffraction pattern, indicating 
the β-sheets are parallel to the fibril axis. At the same time, the peptide chains 
are oriented perpendicularly to the long fibril axis (13,14). In addition to the 
amyloid protein, a group of proteins often referred to as signature proteins 
including heparan sulfate proteoglycan (HSPG), apolipoprotein E (APOE), 
and serum amyloid P component (SAP) appear in the deposit. The significance 
of the signature proteins is still unknown, but they are likely to be of im-
portance for fibrillation and deposition. Therefore, it is important to point out 
that the signature proteins are often excluded from in vitro studies of fibrilla-
tion (11). 

To date, 39 proteins have been identified to form amyloid in human, and 
each protein is associated with at least one distinct type of amyloid disease 
(11). For certain diseases, amyloid protein circulates in the body with amyloid 
deposits in multiple tissues or organs. These diseases are classified as systemic 
amyloidosis, such as AL amyloidosis, AA amyloidosis and ATTR amyloido-
sis (11). For other diseases, amyloid deposits locally in the organ where the 
protein is produced, like amyloid-beta (Aβ) in the brain in Alzheimer’s dis-
ease, alpha-synuclein (aSyn) in the brain in Parkinson’s disease, and islet am-
yloid polypeptide (IAPP) in the islet of Langerhans in type 2 diabetes. 

 
Figure 1, A pancreas section with islet amyloid stained with Congo red. Islet amyloid 
appears red under normal light (A) and exhibits yellow-green birefringence when 
viewed using a polarizing filter (B). (C) IAPP fibrils negatively contrasted with Ura-
nyl acetate and viewed with TEM. Scale bar: 200nm. 
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Amyloid fibril formation 
The ability of soluble proteins to adapt amyloid fibril structure is, in principle, 
a generic feature of peptide chains (4,15). In contrast to the native state, this 
essential structure was not determined by the amino acid sequence (15,16). In 
fact, amyloid fibrils formed from totally different proteins have remarkably 
similar structures, contributed by the backbone hydrogen bonds between the 
main peptide chains (4). It has been suggested for many proteins that the native 
state may not be the one with absolute free energy minima at the physiological 
concentration. Instead, the amyloid form, which is more resistant to denatur-
ants and proteases, is more thermodynamically stable (16,17). The suggestion 
is especially valid for proteins less than 150 amino acids long since topologi-
cal constraints on larger proteins limit their ability to pack into fibrils (16). 
This is in line with the fact that most amyloid proteins are small peptides or 
proteolytic fragments from larger precursor proteins. However, a high energy 
barrier between native protein and β-sheet rich oligomers prevents the transi-
tion under normal conditions. Under the circumstances such as heat, low pH, 
or proteolysis, where native proteins partially unfolded to expose the main 
polypeptide chain, the formation of amyloid fibrils becomes possible (18). 
 
 

 
Figure 2, Illustration of amyloid formation and seeding mechanism. 

 
Amyloid fibril formation occurs through a nucleated growth mechanism. 

In vitro experiments suggest that amyloid fibril formation can be divided into 
three phases (Figure 2) (19). The lag phase, where primary nucleation takes 
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place by monomers self-assembling into nuclei, is the rate-limiting step. Once 
enough nuclei are formed, an exponential growth phase begins. In this phase, 
monomers are recruited into fibrils through three different mechanisms: elon-
gation, when monomers add to the ends of fibrils; secondary nucleation, when 
new nuclei are generated and catalysed at the surface of existing fibrils, and 
fragmentation, when fibrils break down and new ends are formed for mono-
mers to attach to (20). The plateau phase is reached when a limited amount of 
monomers are left in the system. 

Seeding and cross-seeding 
The addition of pre-formed seeds to a solution with monomers speeds up mon-
omers' recruitment to adopt cross-β structures, which is a mechanism that dra-
matically reduces or even eliminates the lag phase (Figure 2)(16). This process 
is referred to as seeding and is considered the basis for the spreading of amy-
loid in systemic amyloidosis and transmissibility of amyloidosis in vivo 
(21,22). In cross-seeding, seeds from one amyloid protein could accelerate the 
fibril formation of a second protein. Sequence and conformation homology is 
believed to facilitate cross-seeding (23). Under certain circumstances, seeds 
could also come from naturally occurring fibrils, such as silk from Bombyx 
mori and curli from Escherichia coli, which indicate that environmental fac-
tors could pose a risk in amyloidogenesis (24). It is worth noting that some 
cross-seeding are bilateral, such as interactions between Aβ and prion (25). 
Other cross-seeding are unilateral, such as both Aβ 1-40 and Aβ1-42 seeds 
could cross-seed IAPP fibril formation in vitro, but IAPP seeds could barely 
seed Aβ 1-40 fibril formation (26). 

Type 2 diabetes 
Diabetes mellitus is a group of heterogeneous diseases characterized by 
chronic hyperglycaemia due to defects in insulin production, secretion, or ac-
tion (27). Diabetes can be classified into four categories depending on the un-
derlying mechanisms. Type 1 diabetes (T1D) is characterized by autoimmune 
destruction of β cells, which leads to absolute insulin deficiency. Type 2 dia-
betes (T2D) is featured with progressive loss of insulin secretion, usually on 
the background of insulin resistance. Diabetes due to other causes, such as 
monogenic forms of diabetes, diseases of the exocrine pancreas, and drug- or 
chemical-induced diabetes. Gestational diabetes mellitus (GDM), as its name 
suggests, is diagnosed during the second or third trimester of pregnancy with 
no previously known diabetes (28). According to the international diabetes 
foundation, there are approximately 463 million people with diabetes in 2019 
worldwide, and this figure is projected to rise to 700 million in 2045. Among 
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them, T2D is the most prevalent type, which accounts for 90%-95% of all 
cases. 

In T2D, the relative defect in insulin secretion, typically due to inflamma-
tion, metabolic stress, or genetic factors, is insufficient to compensate for pe-
ripheral insulin resistance (28). Since it may take years for the classic symp-
toms of diabetes- polyuria, polydipsia, weight loss and sometimes polyphagia 
and blurred vision- to develop due to the gradual development of hypergly-
caemia, T2D is frequently undiagnosed. Nonetheless, patients are subjected to 
increased risks of developing macrovascular and microvascular complica-
tions. Chronic complications of diabetes include retinopathy with potential 
loss of vision, nephropathy with a possible renal failure, peripheral neuropathy 
with risk of foot ulcers and amputations, and autonomic neuropathy causing 
symptoms within digestive, genitourinary and cardiovascular systems (27). 
The most significant pathological change in the pancreas in T2D is the depo-
sition of islet amyloid, which Opie first described in 1901 as “hyaline degen-
eration” that substituted the parenchyma of islets of Langerhans in a diabetes 
patient (29). Over the years, islet amyloid had been described to occur in 40% 
to 90% of patients with diabetes (28-31). The main constituent of islet amyloid 
was characterized as islet amyloid polypeptide by Per Westermark in 1986 
(34). 

IAPP 
Islet amyloid polypeptide (IAPP) was first isolated and identified from amy-
loid of human insulinoma and human islet amyloid (34,35). Later on, IAPP 
was shown to be present in the halo region of secretory granules in normal 
pancreatic β cells and co-secreted with insulin at a 1: 50 ratio (34-36). The 
fasting plasma concentration of IAPP is around 2.0-6.4 pmol and after stimu-
lation, the concentration peaked at 16.5 pmol in healthy individuals (37-40). 
Like many other peptide hormones, IAPP is produced as 89-amino acids (aa) 
preproIAPP, consisting of a 22-aa signal peptide, two short flanking peptides 
and a 37-aa mature IAPP (43,44). The signal peptide is cleaved off when the 
peptide enters the endoplasmic reticulum (ER), and the remaining proIAPP is 
further processed by prohormone convertase 1/3 (PC1/3) and prohormone 
convertase 2 (PC2), releasing a C-terminal and an N-terminal flanking pep-
tides, respectively. The processing of proIAPP into IAPP is pH-dependent and 
occurs in late Golgi and the secretory granules (45,46). In the absence of 
PC1/3, PC2 can solely process proIAPP into IAPP (45,47). The C-terminal 
dibasic residues that remain after PC1/3 processing are removed by carboxy-
peptidase E (CPE), and the exposed glycine residue is used for amidation by 
peptidyl α-amidating monooxygenase complex (PAM) (48). A disulfide bond 
between cysteine 2 and 7 in mature IAPP is necessary for its full biological 
activity (49).  
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Calcitonin family and IAPP receptors 
IAPP is a member of the calcitonin family, together with calcitonin (CT), cal-
citonin gene related peptide (CGRP), adrenomedullin, and intermedin (34,50). 
IAPP shares 43-46% of sequence identity with α- and β-CGRP, respectively 
(36,51). Like CT, IAPP and CGRP have an N-terminal ring structure and an 
amidated C-terminus (50). Receptors for the CT family members are formed 
after heterodimerization of calcitonin receptor (CTR) or calcitonin receptor-
like receptor (CLR) with single-transmembrane-domain protein receptor-ac-
tivity modifying proteins (RAMPs)(52). For example, a combination of CLR 
and RAMP1 reconstitute CGRP receptor, a combination of CLR and RAMP2 
or RAMP3 produce adrenomedullin receptors, a combination of CLR to 
RAMP1, 2, or 3 produce intermedin receptors. In contrast, a combination of 
CTR and RAMP1 or RAMP3 produce high-affinity IAPP receptors (51-53). 
Expression of IAPP receptors has been reported in area postrema of rat brain 
and mouse β cell line CRL-2055 (56,57).  

Amyloidogenicity of IAPP 
The N-terminal and C-terminal amino acid sequences of IAPP are evolution-
arily conserved across species. However, the central region, corresponding to 
residues 20-29 of IAPP, displays huge variation between species rendering the 
difference between amyloidogenic IAPP present in human, non-human pri-
mates and cats and the non-amyloidogenic IAPP present in rodents (34,56-
59). Interestingly, species with amyloidogenic IAPP can also develop T2D 
spontaneously. Residues 20-29 of human IAPP are responsible for amyloid 
fibril formation, while in rodents, proline residues at positions 25, 28, and 29 
prevent amyloid formation (43,51). Proline has long been considered as a β-
sheet breaker by promoting turn formation (62). In fact, single proline substi-
tution at position 28 of human IAPP 20-29 totally abolished its ability to form 
fibrils (60).  

Physiological function 
IAPP is a peptide hormone and, as such, exhibits both autocrine and paracrine 
effects on the islet (38). IAPP serves as an inhibitor of glucagon secretion 
while exerting dual effects on insulin secretion, where IAPP stimulates basal 
insulin secretion and inhibits stimulated insulin secretion in isolated mouse 
islets (63). Outside the pancreas, IAPP inhibits food intake, reduces gastric 
emptying and provides meal-ending satiation (64–66). 
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Islet amyloid and type 2 diabetes 
Perhaps the most frequently asked question regarding islet amyloid is whether 
it plays a causative role in the development of T2D or if it is merely a conse-
quence of the disease. In a longitudinal study of the development of spontane-
ous diabetes in primate Macaca nigra, islet amyloid occurred before the de-
velopment of overt diabetes (67). Moreover, as non-diabetic monkeys devel-
oped impaired glucose tolerance, deposition of islet amyloid was increased 
from 0-3% to 20-40%, together with impaired insulin secretion and impaired 
glucose clearance. Similarly, as monkeys with impaired glucose tolerance pro-
gressed to develop overt diabetes, deposition of islet amyloid increased to 50-
60%, together with hyperglycaemia (67). Islet amyloid was also observed in 
prediabetic baboons and cats (68–70). In vivo studies showed that intravenous 
and intraperitoneal injection of preformed synthetic IAPP fibrils into human 
IAPP transgenic mice increased the amount of islet amyloid deposited in the 
pancreas (71,72). In addition, the prion-like transmission of islet amyloid also 
led to classic symptoms of T2D, such as hyperglycaemia, impaired glucose 
tolerance, and reduced β cell number and mass (72). These results link patho-
logical alteration of islets to the manifestation of metabolic and clinical symp-
toms. Several strains of human IAPP transgenic mice or rats recapitulated both 
clinical and pathological characteristics of T2D, supporting the contribution 
of islet amyloid in T2D (73–76). In one strain of human IAPP homozygous 
transgenic mice, expression of IAPP induced β cell death, impaired insulin 
secretion, and spontaneous diabetes together with the development of islet 
amyloid (74). The same group also investigated the effect of human IAPP 
hemizygous mice crossed onto obese and insulin-resistant strain. The crossed 
hemizygous mice developed diabetes with decreased β cell mass and pro-
nounced islet amyloid deposition. In contrast, hemizygous IAPP transgenic 
mice on an insulin-sensitive background didn’t develop diabetes spontane-
ously and had smaller amyloid deposits without reduced β cell mass (75).  

The only known natural mutation present in the translated part of IAPP is 
the serine to glycine mutation at position 20 (IAPP S20G) identified in Japa-
nese, Chinese and Korean populations (77–79). The S20G mutation has been 
associated with early-onset T2D in both Japanese and Chinese subjects 
(77,78). A long-term follow-up study also showed that T2D patients with 
IAPP S20G had a more rapid decline of insulin secretion than those with wild-
type IAPP (80). In vitro studies also showed increased amyloidogenicity and 
cytotoxicity of IAPP S20G in both β cell line and transgenic mouse islets com-
pared to wild-type IAPP (81,82).  
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Alzheimer’s disease 
Alzheimer’s disease (AD) is the most common form of neurodegenerative dis-
ease, characterized by gradual memory impairment, cognitive decline, and, 
ultimately impaired behaviour, speech, visuospatial orientation, and motor 
system (83). Age is the major risk factor for AD, with most cases being of the 
sporadic late-onset type (65 years or older). The two cardinal pathological 
findings in AD brain are extracellular senile plaques made of amyloid β (Aβ) 
and intracellular neurofibrillary tangles formed by hyperphosphorylated tau 
protein (84,85). Aβ is produced from amyloid precursor protein (APP) via 
proteolytic processing (86,87). Under normal conditions, APP is processed by 
sequential cleavage of α- and γ-secretases and generates an extracellular pep-
tide P3 that seems to be unrelated to the disease. In the amyloidogenic path-
way, APP is processed by β- and γ-secretases sequentially, and Aβ is released 
extracellularly. Aβ amyloid deposits consist of peptides of varying lengths 
ranging from 37-aa to 49-aa, with Aβ40 being the most abundant species and 
Aβ42 being the most aggregation-prone and neurotoxic species (88,89). Using 
end-specific antibodies, Aβ42 was identified as the initially deposited species 
in senile plaques and the only species in diffused plaques, whereas Aβ40 was 
associated with cerebral amyloid angiopathy (90,91). An imbalance between 
the production and clearance of Aβ42 and other Aβ species is a crucial factor 
in the development of AD. All dominant mutations causing familial early-on-
set AD occur either in APP or γ-protease (presenilin) genes, which lead to 
relative increased Aβ42 production through life (92). Already in 1984, when 
Aβ was first identified to be the component of senile plaque in patients with 
AD, sequence analysis of cerebral vascular amyloid purified from an adult 
with Down syndrome, i.e. trisomy 21, showed that the culprit protein there 
was Aβ as well (84,93). A study on a rare case of partial trisomy 21 without 
duplication of the APP gene showed that the affected 78-year-old patient had 
Down syndrome but without AD (94). On the contrary, duplication of the APP 
locus in chromosome 21 led to autosomal dominant early-onset AD without 
Down syndrome in 5 families studied (95). These results strongly demon-
strated that over-expression of APP could cause AD. In sporadic AD, a defect 
of Aβ clearance was observed in patients expressing ApoE4 (96).  

Several mutations in the Aβ region of APP have been identified, among 
them the Arctic mutation at position 22 (E22G). The APP E22G mutation fa-
voured the processing of APP in the amyloidogenic pathway and resulted in 
an increased protofibril formation (95-97). Moreover, a mouse model express-
ing Arctic APP showed amyloid deposition and cognitive dysfunction (100), 
and the animals displayed a faster and more extensive plaque formation than 
wild-type APP mice (101). 
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Type 2 diabetes and Alzheimer’s disease 
Convincing evidence from multiple longitudinal studies showed an increased 
risk in patients with T2D to develop AD in different ethical groups (100-105). 
An Israeli study linked diabetes in midlife as a risk factor to dementia more 
than three decades later (107). In addition, diabetes has been identified as a 
risk factor for patients with mild cognitive impairment to develop dementia 
(106-108). Several pathophysiological mechanisms underlying the linkage be-
tween T2D and AD have been proposed, which include ischemic cerebrovas-
cular diseases, glucose toxicity, hyperinsulinemia and amyloid pathology 
(111). Co-deposition of IAPP and Aβ has been observed in the senile plaques 
and cerebral vascular amyloid of patients with AD (71,112). In transgenic 
mouse models expressing both IAPP and Aβ, co-deposition of IAPP and Aβ 
amyloid was observed together with exacerbated AD-like pathology 
(113,114). In addition, intracerebral inoculation of IAPP aggregates promotes 
Aβ aggregation and enhances memory impairment (114). In a recent cryo-EM 
study, structural similarities between IAPP fibrils and Aβ fibrils have been 
reported, which could be the structural basis of cross-seeding and the link be-
tween T2D and AD (115). 

Parkinson’s disease 
Parkinson’s disease (PD) is the second most common neurodegenerative dis-
ease, characterized by progressive loss of dopaminergic neurons in substantia 
nigra (SN) (116,117). The most prominent clinical symptoms of PD are rigid-
ity, resting tremor, and bradykinesia, and the major pathological alterations 
are intracellular deposits of eosinophilic Lewy bodies (LBs) and Lewy neu-
rites (LNs) (117). The main component of LBs and LNs is alpha-synuclein 
(aSyn), a 140-aa protein localized at presynaptic nerve terminals (118,119). 
Nuclear magnetic resonance (NMR) study predicts that the structure of aSyn 
consists of three parts: an amphipathic N-terminal region (residue 1-60) asso-
ciated with lipid binding; a non-amyloid component (NAC) region (residue 
61-95) engaged in the aggregation of aSyn; and an acidic C-terminal region 
with a random coil (residue 96-140) (120). Although the majority of PD cases 
are sporadic, 8 mutations in the SNCA gene (which encodes for aSyn) have 
been described to cause dominant forms of PD (A30G, A30P, E46K, A53T, 
A53E, A53V, H50Q, and G51D)(119-127). In addition, multiplications of the 
SNCA gene also lead to inherited PD, where duplication of SNCA have been 
described to cause classical PD, and triplication to PD with dementia (130–
132).  
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Type 2 diabetes and Parkinson’s disease 
The relationship between T2D and PD is not straightforward. Several epide-
miological studies identify T2D or prediabetes as risk factors for PD (131-
134), while other studies show no connection between the two conditions 
(135-137). Recently obtained results might partially explain the discrepancy 
between different studies on diabetes medications and PD development. In 
one study, patients receiving dipeptidyl peptide 4 (DPP4) inhibitors and /or 
glucagon-like peptide 1 (GLP-1) receptor agonists had a 36-60% lower rate to 
develop PD than patients treated with other oral antidiabetic drugs (140). Sim-
ilarly, a Swedish population-based case-control study also found a protective 
effect of DDP4 inhibitors against the development of PD (141). Recently, an 
interaction between IAPP and aSyn was observed in pancreatic cells of pa-
tients with abnormal inclusions of phosphorylated aSyn (142).  

Bri2 BRICHOS  
The BRICHOS domain was first described by Sánchez-Pulido et al. in 2002, 
who identified the domain in several unrelated proteins linked to different dis-
eases. The name BRICHOS originates from the 3 first identified proteins, 
namely Bri2, which is related to familial British dementia (FBD) and familial 
Danish dementia (FDD); Chondromodulin-1 (ChM-1), which is related to 
chondrosarcoma, and prosurfactant protein C (proSP-C), which is related to 
interstitial lung disease (143). The BRICHOS domain from different protein 
families had a very low (~15%) sequence identity. On the contrary, their pre-
dicted secondary structures displayed considerable similarity (144).  

The BRI family is proposed to be the oldest BRICHOS-containing family 
with members present in Caenorhabditis elegans and Drosophila melano-
gaster as well as in mammals (143). There are at least 3 members in BRI fam-
ily, Bri1, Bri2, and Bri3, with Bri2 being the most extensively studied one 
(143-145).  

Bri2, also called integral transmembrane protein 2B (ITM2B), is a 266-aa 
type II transmembrane protein that contains an N-terminal cytosolic region, a 
hydrophobic transmembrane region, a linker, the BRICHOS domain, and a C-
terminal region (Figure 3) (148,149). Bri2 is N-glycosylated at Asn 170, 
which is essential for its trafficking to the cell surface (150). For maturation, 
Bri2 is first cleaved by furin between Arg243 and Glu244 to release the C-
terminal Bri23 (151). Next, the N-terminal membrane-bound part is cleaved 
by ADAM10 to release the BRICHOS domain. Further processing by signal 
peptide peptidase like (SPPL) 2a/2b liberates the intracellular domain (ICD) 
(152) (Figure 3).  

Bri2 is ubiquitously expressed both in peripheral tissues and in the brain, 
especially in neurons of hippocampus and cerebellum (153). Bri2 interacts 



 

 21 

with APP and regulats its processing which reduced Aβ production (154). In 
a post-mortem study, Bri2 BRICHOS was increased up to 3-fold in the AD 
hippocampus and deposited together with Aβ plaques (155). In in vitro stud-
ies, Bri2 BRICHOS were shown to prevent Aβ fibril formation (156). Inter-
estingly, Bri2 BRICHOS dimers were the most efficient species to suppress 
both elongation and prevent secondary nucleation, whereas monomers ex-
celled in inhibiting Aβ-induced neurotoxicity (157).  

 

 
 
Figure 3, Schematic graph of Bri2 domain organization and the cleavage process lead-
ing to the release of Bri2.  
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 Aims 

1. Investigate the interaction of IAPP and Aβ at a molecular level in 
living cells. 
 

2. Investigate the expression of aSyn in human islets and study the 
interaction between aSyn and IAPP. 
 

3. Investigate the expression of Bri2 BRICHOS in human islets and 
determine the effect of the BRICHOS domain on IAPP amyloid 
formation and IAPP induced toxicity. 
 

4. Investigate the suitability of LCOs in detecting islet amyloid under 
various conditions. 
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Methodological considerations 

Bimolecular fluorescence complementation 
Bimolecular fluorescence complementation (BiFC) is a technique that enables 
direct visualization of protein-protein interactions in living cells (158). Vec-
tor-based constructs are made, where two proteins of interest are fused to the 
non-fluorescent N-terminal or C-terminal fragments of a fluorescent protein, 
respectively. Upon expression in cells, if the two proteins interact, this will 
bring the two non-fluorescent fragments together and allow the fluorescent 
protein to reconstitute (Figure 4A). The obtained fluorescent signal can be de-
tected using a fluorescent microscope or FACS (158). Venus is an advanced 
yellow fluorescent protein having a fluorescence intensity 30 times stronger 
than enhanced yellow fluorescent protein (EYFP)(159). The F46L mutation 
specific to Venus ensures fast maturation of the fluorophore at 37°C, while 
F64L, M153T, V163A, and S175G mutations enhance folding, and at the 
same time decreasing the pH and Cl- sensitivity of Venus (159) (Figure 4C). 
BiFC assay using Venus fragments has higher specificity, requires less 
amount of vectors and shorter incubation time than EYFP fragments (160).  

Our vectors were constructed with Venus fragments 1-173 (VN) and 155-
239 (VC), where the splitting sites located at the loop between 8th and 9th β 
strands and the loop between 7th and 8th β-strands of Venus, respectively (161). 
The short overlap between VN and VC was more efficient than blunt-end 
counterparts (160). We constructed vectors with Aβ or IAPP sitting either in 
front of or behind VN to imitate the parallel and anti-parallel binding patterns 
between Aβ and IAPP (Figure 4A, 4B).  

BiFC visualizes direct interaction between proteins at the sub-cellular level. 
It has higher sensitivity than conventional immunofluorescence techniques, 
which used colocalization to indicate protein-protein interaction and has typi-
cally a spatial resolution of 250 nm. The detection range of BiFC assay is 
approximately 6-10 nm (162). Another advantage of BiFC is the possibility 
for real-time visualization in living cells. This is particularly useful when in-
vestigating the protein-protein interaction under the physiological condition 
as in the situation of amyloid formation. 
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Figure 4. The principle for BiFC. VN and VC were fused to the C-terminal of two 
proteins of interest, respectively. Interaction between the two proteins will bring VN 
and VC together, facilitating Venus reconstitution. FACS analysis or fluorescence mi-
croscopy are commonly used to monitor or quantify the obtained fluorescent signal. 
(A) depicts the system when used for studies of a parallel binding direction, while (B) 
depicts the anti-parallel binding direction. In (C) is the schematic structure of Venus 
presented, where indicated residues show substitutions from EYFP. The F46L change 
trigger Venus maturation at 37°C, while F64L, M153T, V163A, S175G mutations 
increase Venus’s tolerance of pH and Cl-. The splitting sites used for the generation 
of VN (173), and VC (155) are indicated by scissors. 

GST-protein based ThT assay 
To be able to study the process of amyloid formation accurately, it is vital to 
prevent the formation of aggregates before the start of the experiment. We 
have therefore developed a glutathione S-transferase (GST) protein-based 
Thioflavin T (ThT) assay for studying the fibril formation of IAPP (Figure 5). 
Recombinant IAPP was expressed as a GST fusion protein: GST-IAPP, which 
bound to sepharose beads through glutathione (GSH). GST prevent IAPP to 
aggregate and form fibril. The incubation took place in a black 96-well plate, 
and the occurrence of a fluorescent signal was monitored at excitation 440 nm 
and emission 488 nm. At the beginning of the experiment, ThT and aSyn mon-
omers were incubated together with sepharose beads-bound GST-IAPP to al-
low for proper interaction. One hour later, thrombin was added to release IAPP 
from the GST tag. After that, IAPP started to aggregate and form amyloid 
fibrils which bound ThT and gave out fluorescence. Both intrinsic and extrin-
sic factors could affect fibril formation, for example, mutations, the concen-
tration of monomers, pH, salt, temperature, agitation, surface coat, to name a 
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few. It is important to keep that in mind when comparing results from different 
studies. 

  
 
Figure 5, Schematic graph illustrating GST-protein based ThT assay.  

Immunoelectron microscopy- Epon or Lowicryl 
embedding? 
The combination of immunogold labelling and transmission electron micros-
copy enables the identification of specific proteins at a resolution of 2 nm. 
This is especially useful when investigating amyloid aggregates' subcellular 
localization and conformation (Figure 6). In addition, the morphology of or-
ganelles could also be examined simultaneously. Our samples were fixed in 
Karnovsky fixative (2% paraformaldehyde with 0.25% glutaraldehyde) and 
embedded in either Epon or Lowicryl resin (Electron microscopy science, 
Germany). The reduction of glutaraldehyde to 0.25% from the commonly used 
2% has been shown to reduce cross-binding and preserve epitopes. Samples 
embedded in Epon have good infiltration quality, are easier to section and are 
more stable under the electron beam due to co-polymerization between Epon 
and tissue structures (163,164). On the other hand, Lowicryl is a water-com-
patible resin thus requires only partial dehydration of sample, which leads to 
better preservation of antigenicity and reduced background staining (165). It 
is worth mentioning that with a proper etching step to expose hidden epitopes, 
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we were able to retrieve epitopes and obtain immuno-labelling on Epon em-
bedded tissue as well (Figure 6).  

 
Figure 6, Micrographs of HEK293 cells transfected with AVN+AVC, detected with 
anti-Aβ antibody 6E10 and 10 nm gold particle. Scale bars: 2µm (left), 200nm (right). 

Luminescent conjugated oligothiophenes- new ligand to 
detect amyloid? 
Luminescent conjugated oligothiophenes (LCOs) are a group of novel fluo-
rescent probes suitable for amyloid detection in real-time (166,167). The flex-
ible backbones of LCOs consist of 4-7 conjugated thiophene units. The bind-
ing of the LCO to an amyloid fibril governs the conformation of the LCO 
backbone, thus emitting intense fluorescence with structure-dependent emis-
sion spectra (167,168). Hence, LCOs can be used for detection of prefibrillar 
aggregates (166,167), to some extent for differentiation between amyloid de-
posits made up by different proteins (166,169,170) and even differentiate het-
erogenic amyloid aggregates formed from the same monomer (171,172). A 
quality that differs from the conventional dyes Congo red, Thioflavin T (ThT), 
and Thioflavin S (ThS), which only detect β-sheet-rich mature fibrils (173–
175). Moreover, because LCOs are readily solubilized in PBS, they can be 
used to monitor protein aggregation under physiological conditions (166).  

Multicolor immunofluorescence staining 
When using multiple antibodies for colocalization studies, it is crucial to con-
firm that selected primary and secondary antibodies do not result in unex-
pected reactivity. Firstly, the primary antibodies should come from different 
species. However, using fluorophore-labelled primary antibodies for colocal-
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ization studies will enable the use of primary antibodies from the same spe-
cies. A disadvantage with labelled primary antibodies is the reduced sensitiv-
ity in the system. A second alternative that allows a combination of primary 
antibodies from the same species is the use of tyramide signal amplification, 
microwave treatment, and sequential staining (176). Secondly, when selecting 
secondary antibodies, make sure to take into consideration not only the spec-
ificity but also the host species. It’s not uncommon to see one of the used 
secondary antibodies was from the same species as one of the primary anti-
bodies, thus resulting in false colocalization.  

During my studies, I have established and used a fool-proof way of doing 
immunolabelling by selecting proper secondary antibodies and confirming the 
absence of cross-reactivity between selected antibodies. 

Proximity ligation assay 
Proximity ligation assay (PLA) is an antibody-based technique to study in situ 
protein-protein interaction. By using single-stranded oligonucleotides conju-
gated secondary antibodies and short complementary oligonucleotides, a cir-
cular DNA can only form when the two proteins are located within 40 nm, and 
this results in high specificity. Next, the circular DNA is used as a template 
for rolling-cycle amplification, where 1000-fold amplified signal ensures high 
sensitivity in detecting protein-protein interaction at single-molecular resolu-
tion (177).  

Compared to conventional immunofluorescence, PLA has a higher resolu-
tion and a lower risk of cross-reactivity. However, PLA cannot be used on 
living cells due to the fixation and permeabilization steps required before an-
tibody binding. Therefore, I used a combination of immunofluorescence, 
PLA, and BiFC to study the interaction between different amyloid proteins.  

Native, synthetic, and recombinant IAPP 
Over 30 years ago, biochemical characterization of the amyloid protein iso-
lated from an insulinoma resulted in the identification of a novel peptide 
which, depending on the amyloid location, was named islet amyloid polypep-
tide. Since insulinomas are rare, and β cells express a low concentration of 
IAPP, other sources for IAPP must be used. Synthetic IAPP is commercially 
available and can be purchased both in oxidized and reduced form. The chem-
ical synthesis starts from the C-terminus. Therefore, in the case of IAPP, it is 
possible to start with an amidation, and the obtained molecule is biologically 
active. Production of recombinant IAPP is an alternative when a large quantity 
is needed. Expressing IAPP in E. coli is fast and efficient. However, due to its 
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tendency to form toxic aggregates, a GST-tag is needed to keep the IAPP sol-
uble. After removal of the GST-tag, IAPP misfolds and requires to be solubil-
ized in 1,1,1,2,2,2,-hexafluoro-2-propanol (HFIP)/trifluoroacetic acid (TFA). 
Recombinant IAPP can be oxidized but lack a C-terminal amidation and is not 
biologically active. 
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Results and discussion 

IAPP and Aβ interact at a molecular level in living cells 
(Paper I) 
IAPP and Aβ share an overall 25% sequence identity and a higher degree of 
identity in the amyloid core regions (26). Over the years, several cross-seeding 
studies of IAPP and Aβ have been described both in vitro and in vivo. Os-
karsson et al. demonstrated that a single intravenous injection of preformed 
Aβ fibrils into an IAPP transgenic mouse led to more pronounced islet amy-
loid deposition (71). Moreno-Gonzalez et al. demonstrated that inoculation of 
pancreas homogenate from IAPP transgenic mice into brains of AD transgenic 
mice promoted Aβ amyloid formation and learning and memory deficiency 
(114). These results prompted us to determine whether IAPP and Aβ interact 
at a molecular level. In paper I, we demonstrated that IAPP and Aβ interact 
directly in HEK293 cells in both parallel and anti-parallel orientations using 
the BiFC technique. To quantify the interaction, we used flow cytometry and 
determined the efficiency of BiFC binding. Heterologous interactions between 
IAPP/IAPP and Aβ/Aβ had similar binding efficiency as homologous IAPP 
or Aβ interactions. The similar efficiency could be due to interactions occur-
ring between the identified hotspot regions of IAPP (IAPP 8-18 and IAPP 22-
28) and Aβ (Aβ 19-22, Aβ 27-32, Aβ 35-40) that most likely served as inter-
faces for both homologous and heterologous interaction (178). Moreover, the 
binding efficiency reduced to half when changed from parallel to anti-parallel 
orientation, revealing that both IAPP and Aβ preferred parallel interaction 
over anti-parallel interaction. This is in line with the solid-state nuclear mag-
netic resonance (ssNMR) data where full-length Aβ fibrils consisted of paral-
lel, in-register β-sheets (179,180) and the electron paramagnetic resonance 
site-directed spin labelling (EPR/SDSL) data where IAPP peptides were 
stacked in a parallel arrangement in the fibrils (181). Also, the cryo-EM struc-
ture of IAPP fibrils revealed an S-shape structure with a striking similarity to 
Aβ fibrils that could be superimposed in both parallel and anti-parallel ways 
(115,182). This suggests that it is not excluded that the peptides may assume 
both orientations. 

Interestingly, dot-like fluorescent signals formed in cells transfected with 
Aβ-containing constructs (AVN+AVC, AVN+IVC) colocalized with Congo 
red signal. Furthermore, immuno-EM analysis of cells transfected with 
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AVN+AVC revealed Aβ-reactivity with fibrillar structures supporting amy-
loid formation. Several different mutations in APP have been identified, and 
some are linked to an increased risk of Alzheimer's disease. The Arctic APP 
mutation (E693G) forms protofibrils at a higher rate than wild-type Aβ (97). 
This was explained by enhanced processing of APP by β-secretase, and that 
the mutation decreased the availability for the α-secretase (99). In our experi-
ment, the Aβ42 arctic was expressed, and the E22G mutation is at the end of 
the first hotspot region in Aβ and therefore with limited inhibitory effect on 
peptide interaction.  

To investigate if the formation of dot-like aggregates was due to reduced 
clearance or not, the lysosomal area was determined using LysoTracker and 
compared in BiFC (+) and BiFC (-) cells. We detected a significant increase 
in lysosomal area in BiFC (+) cells in all groups tested, independent of BiFC 
combinations used, whereas no difference between the groups was observed. 
We further determined mitochondrial area and mitochondrial membrane po-
tential (MMP) using MitoTracker Red. The accumulation of MitoTracker Red 
in mitochondria is dependent on membrane potential. Therefore, the fluores-
cent intensity of the dye was measured to reflect MMP. The mitochondrial 
area increased significantly in BiFC (+) cells from AVN+AVC and 
AVN+IVC groups, while MMP increased only in BiFC (+) cells from the 
AVN+AVC group. MitoSOX was used to determine the superoxide produc-
tion, which was determined to be significantly increased in BiFC (+) cells 
from all groups. Downregulation of autophagy by 3-Methyladenine (3-MA) 
did not affect superoxide production, while upregulation of autophagy by ra-
pamycin reduced superoxide production in BiFC (+) cells, thus eliminating 
the difference between BiFC (+) and BiFC (-) cells. Propidium iodide (PI) was 
used to monitor cell death, and all groups observed increased cell death in 
BiFC (+) cells. Treatment of 3-MA did not affect cell viability. Treatment of 
rapamycin increased cell viability in both BiFC (+) and BiFC (-) cells, while 
the ratio of BiFC (+)/BiFC (-) remained unchanged. In addition, the size of 
dot-like aggregates was analysed, where the addition of 3-MA increased the 
size while the addition of rapamycin did not affect the size of aggregates. 
Taken together, these results suggested that the occurrence of dot-like aggre-
gates was not due to reduced clearance, nevertheless downregulated autoph-
agy contributed to its formation. In addition, despite that increased autophagy 
could reduce superoxide production in BiFC (+) cells, it was not responsible 
for the degradation of aggregates and could not prevent cell death caused by 
that. 

In Drosophila melanogaster, co-expression of IAPP and Aβ in the brain 
led to colocalization of both proteins and reduced life span when compared 
to Drosophila expressing IAPP or Aβ alone. This enhanced toxicity could be 
due to that IAPP-Aβ heterocomplex had an enhanced ability to interact and 
permeabilize cell membrane (183). 
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ASyn interacts with IAPP but not with islet amyloid 
(Paper II) 
There are several reports on the interaction between aSyn and IAPP. IAPP 
fibril formation has been described to be either promoted (184) or inhibited 
(185) after the addition of preformed aSyn seeds in vitro. Phosphorylated aSyn 
inclusions were detected in pancreatic β cells, and interaction between phos-
phorylated aSyn and IAPP was observed using PLA (142). In paper II, we 
explored the expression of aSyn in human pancreatic islets. We showed that 
aSyn mRNA was expressed in human islets, and its expression level was not 
affected by the glucose concentration. This contrasts with IAPP mRNA, which 
was dramatically increased by high glucose. Western blot on lysates of human 
islets and human β cell line EndoC-βH1 using aSyn antibody revealed a single 
band at 14 kDa, corresponding to its molecular weight. Moreover, the ratio of 
aSyn and IAPP in EndoC-βH1 cells was determined to be 1:2.2 using ELISA. 
Double immunofluorescence was used to demonstrate that aSyn is present in 
β cells, PP cells, and some α cells but not in δ cells. With immuno-EM, aSyn 
was identified in secretory granules of β cells together with insulin.  

We used the BiFC technique to study the interaction between aSyn and 
IAPP. The 140-aa long aSyn is almost three times longer than IAPP. To gen-
erate a system for the expression of peptides with comparable length, we se-
lected residues 61-95 (NAC-region) of aSyn, which is known to be essential 
for amyloid formation for co-expression with IAPP. Interaction between aSyn 
(61-95) and IAPP was observed in HEK293 cells, which is in line with our 
PLA data where colocalization of aSyn and IAPP is observed inside the cell. 
Interestingly, a PLA and pFTAA staining combination demonstrated that 
aSyn was absent in islet amyloid. This result contrasts a recent publication 
where colocalization of aSyn and IAPP was described to occur in both human 
islet amyloid and hIAPP transgenic mouse islet amyloid (184). However, fur-
ther analyses are required to clarify the discrepancy between our findings and 
the published results. But according to the information provided, two primary 
antibodies from the same species are combined (184). Although sequential 
staining with an in-between fixation step with 1% glutaraldehyde was con-
ducted, there is still a risk of false colocalization as protein-A has 5 IgG bind-
ing domains, and is both structurally and functionally pentavalent in IgG bind-
ing (186).  

To investigate whether the interaction between aSyn and IAPP contributes 
to fibril formation, we have adapted the conventional ThT assay to accommo-
date monomer interaction better. During the 1 h incubation with aSyn mono-
mers, IAPP remained soluble due to the GST-tag bound to GSH-containing 
Sepharose beads. We could not detect any effect of adding aSyn monomer on 
IAPP fibril formation. Moreover, both IAPP seeds and aSyn seeds could pro-
mote IAPP fibril formation by significantly reducing the lag phase, supporting 
cross-seeding between aSyn and IAPP. On the contrary, we failed to detect 
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any IAPP seeding effect on monomeric aSyn. The amyloidogenicity of both 
peptides could explain these non-reciprocal seeding results. IAPP is one of the 
most amyloidogenic peptides known, whose monomers readily form amyloid 
fibrils. ASyn, instead, requires shaking non-stop at 37°C for a week to gener-
ate amyloid fibrils. Our ThT assay was conducted at room temperature with 
intermittent shaking, which might not be sufficient for cross-seeding of aSyn 
to occur.  

The aSyn has been ascribed to a variety of functions, including participa-
tion in exocytosis (187). To investigate if aSyn has a role in hormone secre-
tion, we used knockdown and over-expression of aSyn. A decrease in aSyn 
expression was achieved by a cocktail of 3 aSyn siRNAs, and aSyn mRNA 
level was reduced to less than 50%, while IAPP mRNA remained unaffected. 
Knockdown of aSyn did not affect insulin secretion, exocytosis, or cell viabil-
ity in EndoC-βH1 cells. In addition, overexpression of aSyn did not affect cell 
viability. This differed from the previous study where a lower fold-to-basal 
insulin secretion was observed in aSyn knockdown cells compared to control 
cells when stimulated by high glucose (188). The observed difference may be 
due to the use of different cell lines, and EndoC-βH1 cells had lower fold-to-
basal insulin secretion (2-fold) than INS-1 cells (10-fold) when stimulated by 
high glucose (189). Also, it could be caused by the compensatory effect from 
the remaining aSyn. 

Bri2 BRICHOS domain inhibits IAPP fibril formation 
and protects IAPP induced toxicity (Paper III) 
Integral membrane protein 2B (ITM2B, also called Bri2) has been shown to 
inhibit Aβ aggregation and fibril formation (156,190), reduce Aβ neurotoxi-
city both in vitro and in vivo (191,192). Bri2 is a multidomain protein and, 
structural analysis of the BRICHOS domains from different families identified 
a conserved region with specificity to bind β-sheet and/or amyloid-prone re-
gions (193). In paper III, we demonstrated that Bri2 is present in both human 
islets and human β cell line EndoC-βH1. Using double immunofluorescence 
staining, we showed the subcellular location of Bri2 to trans-Golgi apparatus 
and secretory granules. This prompted us to study the possible interaction of 
Bri2 and IAPP in β cells. Using PLA, colocalization of Bri2 and IAPP within 
40 nm was identified both intracellularly and in extracellular islet amyloid in 
patients with T2D. 

We next investigated if Bri2-BRICHOS could inhibit IAPP fibril formation 
and the possible mechanism. Using ThT assay, we showed that Bri2-
BRICHOS could effectively inhibit IAPP fibril formation when mixed at a 
1:10 (Bri2-BRICHOS: IAPP) ratio. In this scenario, no ThT-positive IAPP 
fibrils were formed. Instead, amorphous aggregates positive for both IAPP 



 

 33 

and Bri2 were found using immuno-EM. This inhibitory effect of Bri2 
BRICHOS was not affected by the addition of cells, which contain phospho-
lipids and heparan sulfate proteoglycans that are known to promote IAPP fibril 
formation. Also, by adding Bri2-BRICHOS at different time points during 
IAPP fibril formation, we demonstrated that Bri2-BRICHOS was most effec-
tive when added at the beginning or during the lag phase to be a sufficient 
inhibitor. Using size-exclusion chromatography (SEC), Bri2 BRICHOS was 
shown to interact with IAPP and form high molecular weight (< 2000 kDa) 
aggregates instead of keeping IAPP in a monomeric state. This is in line with 
the EM data where amorphous aggregates were seen. In addition, we showed 
that Bri2-BRICHOS could bind to preformed IAPP fibrils and reduce its seed-
ing ability in a concentration-dependent manner. This inhibition is ascribed to 
an efficient blocking of secondary nucleation. These results demonstrated that 
Bri2-BRICHOS is an effective inhibitor of IAPP fibril formation by leading 
IAPP to form off-pathway amorphous aggregates lacking seeding capacity. 
The propensity of IAPP to form amyloid fibrils is strong in vitro, and it was 
early believed that an endogenous inhibitor should exist. Insulin has been 
found to effectively inhibit IAPP fibril formation at 1:5 to 1:100 (insulin: 
IAPP) ratio (37,194), possibly through interaction with the insulin B chain 
(195). The identification of endogenous Bri2-BRICHOS as an IAPP inhibitor 
provided new insight into this scenario. 

Islet amyloid is frequently present in T2D but also found in other conditions 
(T1D, insulinoma, pancreatic cancer, cystic fibrosis) associated with β cell 
stress. Therefore, we used siRNA to knockdown endogenous Bri2 expression 
in EndoC-βH1 cells and studied the effect of Bri2-BRICHOS on β cells sub-
jected to stressful conditions. Increased cell death was observed in siRNA-
treated cells cultured in high fat (1.5 mM sodium palmitate) and high glucose 
plus high fat (28 mM glucose + 1.5 mM sodium palmitate) conditions. By 
introducing external Bri2-BRICHOS using adenovirus, we were able to re-
verse the observed increased sensitivity to β cell stress, and the viability of 
EndoC-βH1 cells returned to normal when cells were exposed to metabolic 
stress. These results strongly supported that Bri2 is vital for β cell survival 
under ¨extreme¨ stressful conditions. Moreover, our results identify the 
BRICHOS domain as the active part of the protein in protecting β cells. The 
anti-toxicity and anti-fibrillation effects of Bri2 BRICHOS on IAPP are in line 
with the results from earlier studies on Aβ. In addition, different assembly 
states of Bri2 BRICHOS have been identified, and where monomers can ef-
fectively prevent Aβ induced toxicity and dimers are potent inhibitors of Aβ 
fibril formation (157). 

To bring the investigation of Bri2 BRICHOS into a living organism, we 
used transgenic Drosophila melanogaster expressing IAPP, Bri2 BRICHOS, 
or the combination of IAPP-Bri2-BRICHOS. The Pdf driver was used to drive 
the transgene expression to the 8 lateral ventricle neurons (LNvs) present in 
each hemisphere. In addition, nuclear leading sequence (nls) GFP was used to 
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visualize LNvs. Expression of IAPP led to a significant neuronal death com-
pared to control flies, whereas co-expression of Bri2-BRICHOS with IAPP 
rescued LNvs to a level comparable to control flies. This result provided in 
vivo evidence that Bri2-BRICHOs could rescue IAPP induced cytotoxicity. It 
remains to be shown whether BRICHOS is a general inhibitor and prevents 
the formation of amyloid independent of amyloid protein or whether the 
demonstrated inhibitory effect shown for IAPP and Aβ is a result of sequence 
similarities between the peptides. Bri2 is ubiquitously expressed, and it is also 
a member of a family containing three different proteins expressed in different 
tissues (145,148). Both IAPP and Aβ amyloid can be detected intracellularly, 
while systemic amyloid is in general formed extracellularly. The BRICHOS 
domain is released from Bri2 after enzymatic cleavage, but circulating levels 
of BRICHOS are unlikely to reach a molar concentration corresponding to the 
levels of protein AA or AL. 

LCOs specifically detect islet amyloid (Paper IV) 
Four LCOs with different backbone lengths were analyzed for their potential 
to detect islet amyloid and monitor the formation of islet amyloid. In paper 
IV, we demonstrated that all four LCOs (qFTAA-CN, pFTAA-CN, pFTAA-
TEGF, and hFTAA-CN) were able to detect amyloid with similar staining 
characteristics as ThS and Congo red. In human and cat, the islet amyloid pro-
tein is IAPP, while in degu, a new world rodent, the amyloid is made up of 
insulin (196). The 4 LCOs bound islet amyloid in formalin-fixed paraffin-em-
bedded pancreas sections, but the intensity of the signal detected at emissions 
488 nm and 546 nm varied. In human, cat, and degu, amyloid was labelled 
with qFTAA-CN, pFTAA-CN, and pFTAA-TEGF, and the obtained signals 
were comparable at both wavelengths. However, the labeling of amyloid with 
hFTAA-CN was weak and appeared only at 546 nm in human and cat. In com-
parison, labeling with the insulin-derived amyloid in degu resulted in a strong 
signal at 546 nm. Also, amyloid stained by ThS is visualized at 488 nm, but 
we observed an intensive fluorescence also at 546 nm for the insulin amyloid 
in degu. The labeling pattern of amyloid observed after incubation with 
hFTAA and ThS indicates differences between insulin and IAPP fibril pack-
ing. It should be mentioned that the ThS signal observed at 546 nm has not 
been observed with other types of amyloids.  

In contrast to Congo red and ThS, LCOs are readily solubilized in PBS, and 
we instigated LCOs usability for detection of amyloid formed during islet cul-
ture. Culture of isolated human islets in 22 mM glucose for an extended time 
results in islet amyloid formation. At first, the LCO toxicity was investigated 
by analyzing human islets cultured in a medium supplemented with LCOs. 
Based on nuclear morphology and glucose-stimulated insulin secretion, all 
LCOs were found to be non-toxic. Today, we know that Congo red must be 
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solubilized in 80% ethanol to prevent labeling non-amyloid tissue components 
and that the dye is classified as carcinogenic. However, earlier studies describe 
intravenous injection of Congo red for in vivo detection of amyloid. In more 
recent studies, Congo red has been used for monitoring amyloid development 
during islet culture. From these latter studies, it was clear that culture in the 
presence of Congo red decreased the formation of amyloid. The mechanism 
behind Congo red's inhibitory effect remains to be clarified, but blockages of 
fibril elongation or cytotoxicity causing a reduction in IAPP synthesis are both 
putative. Therefore, human islets were cultured in 22 mM glucose with 
pFTAA-CN, and amyloid formed was comparable to the amount formed in 
islets cultured without PFTAA-CN. The results suggest that LCOs are non-
toxic and do not affect amyloid formation.  

Islets recovered after culture in 22 mM glucose were incubated with 
qFTAA-CN, pFTAA-CN, pFTAA-TEGF, and hFTAA-CN, scanned in a con-
focal microscope, and collected images were used to identify the amyloid dis-
tribution pattern in individual islets. Islets with amyloid were identified and 
embedded in EPON, and sections were analyzed with a transmission electron 
microscope. The immuno-EM analysis demonstrated that pFTAA-CN could 
accurately identify amyloid also, identified with anti-IAPP antibody. On the 
other hand, pFTAA-TEGF identified amorphous structures with IAPP reac-
tivity, whereas qFTAA-CN and hFTAA-CN also stained non-amyloid fibrillar 
structures. Therefore, pFTAA-CN was chosen for real-time study. Though 
with considerable individual variation between donors, pFTAA-CN was 
shown to be able to monitor human islet amyloid formation during a 19-day 
period. These results suggested that pFTAA-CN is a ligand with great poten-
tial in detecting islet amyloid under various conditions. Moreover, due to no 
apparent toxicity detected, pFTAA-CN could be used in monitoring islet am-
yloid formation in real-time. 

The chemical structure of thiophene is C4H4S, where carbon atoms and sul-
fur atoms form a planar 5-membered ring. Each carbon has 1 electron in the 
p-orbital, and sulfur has 2 electrons in its p-orbital plus a lone pair of unbound 
electrons. Those p-orbital electrons form a cloud both above and beneath the 
ring. When multiple thiophenes are joined together, and their backbones are 
planar, the electron clouds stretch to cover the conjugated thiophene (197). 
When binding to other proteins/structures, the conjugated thiophenes twist, 
and the overlapping of the electron cloud between adjacent thiophene rings 
decreases, leading to a blue shift in both absorption and emission spectra. 
Therefore, conjugated thiophene has binding-specific excitation and emission 
profiles (168,197). This property renders conjugated thiophene able to distin-
guish between different forms of amyloid compared to conventional Congo 
red and Thioflavin T/S, which generally detect all β-sheet structures. Our 
study identified pFTAA-CN to be the most suitable LCO in detecting islet 
amyloid. This is in line with previous findings that 5 to 7 thiophene rings were 
needed to produce a superior anionic LCO (166,198). Moreover, we found 
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that in addition to binding to islet amyloid, hFTAA-CN stained extra non-
amyloid fibrils. This could be explained by the finding described by Sjölander 
et al., that hFTAA is more sensitive but less specific than Congo red in a study 
where different types of systemic amyloidosis were analyzed from subcutane-
ous fat staining (199). A Cyano group is a strong electron-withdrawing group 
and thus increases the electron affinity of the ligand (200), emission spectrum 
is blue shifted (201). It would be very interesting to compare the sensitivity 
and specificity of pFTAA with pFTAA-CN in detecting islet amyloid. 

General discussion and future perspectives 
Amyloidoses (including local types) constitute the largest group among the 
protein misfolding diseases, and the conditions occur both in humans and an-
imals. Amyloid can occur as a local phenomenon or systemically and the latter 
are generally considered lethal as extensive amyloid depositions affect one or 
several visceral organs. In contrast, the disease picture varies more between 
local amyloidosis. Alzheimer's disease is a progressive neurologic disorder 
with an average survival of 8-10 years, while prolactin-derived amyloid in the 
aging pituitary is symptoms-free and a common postmortem finding (202). 

The amyloid field is research-intensive and for the systemic forms with 
several treatment advances, and more are under development. Systemic AL 
amyloidosis, which a few decades ago had a survival of 6 months after diag-
nosis, today has a 5-year survival of 60% (203,204). This dramatic change 
depends on multiple factors, e.g., chemotherapy and stem cell transplantation 
treatments and earlier diagnosis.  

The amyloid fibril formation has been ascribed a cytotoxic activity while 
extended amyloid deposits destroy the tissue architecture leading to organ fail-
ure. Therefore, early diagnosis is essential for the treatment outcome, but new 
detection systems are necessary to achieve a general improvement in diagnos-
tics. I have studied the binding and specificity of four LCO's to islet amyloid, 
derived from the polypeptide hormone IAPP and shown that the pFTAA-CN 
was a non-toxic ligand with high specificity for amyloid. Since the pancreas 
is not easily accessible for a tissue biopsy, other techniques must be applied 
for the detection of IAPP amyloid in situ. Positron emission tomography 
(PET) is an imaging technique that detects a radiolabelled ligand, and pFTAA 
can be chemically labeled with Fluorine 18 or Carbon 11 and are therefore a 
suitable candidate for PET-analysis (205). The initial characterization of 
pFTAAs capacity as an amyloid ligand can be tested on transgenic mice ex-
pressing human IAPP and where islet amyloid develops in response to high-
fat feeding. Another advantage of an in vivo detection procedure is the possi-
bility to repeat the analysis and thereby monitor effects on amyloid treatments. 
Such studies are in the pipeline. 
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The spreading of amyloid deposits in an organ or in an individual likely 
depends on seeding (19), which is a prion-like mechanism. Heterologous seed-
ing describes seeding between different amyloid proteins or amyloid proteins 
from different species. The process can be studied in vitro and is often visual-
ized with the ThT-assay (19). Morphological comparisons at SEM of nega-
tively stained amyloid fibrils reveal significant similarities between fibrils 
produced from different proteins, while cryo-EM analysis points to more sig-
nificant differences. Thus, cryo-EM analysis of protein AA fibrils identifies 
differences in packing between human and mouse AA fibril (206). Neverthe-
less, human AA amyloid extracts can be used for seeding of AA amyloid in 
the mouse model. There is much to support that there is a link between type 2 
diabetes and Alzheimer's disease. It has been shown earlier that IAPP and Aβ 
can interact and that Aβ fibrils seed IAPP (26) and that IAPP is found in Aβ 
plaques (71). In my thesis, I confirm that the IAPP and Aβ can bind to each 
other, and aggregates with amyloid tinctorial properties can develop. This re-
sult strengthens the assumption that the observed colocalization of Aβ and 
IAPP in Aβ brain deposits and vascular amyloid can be composed of mixed 
amyloid fibrils. The interaction between IAPP and Aβ is likely since the two 
peptides exhibit similarities in the amyloid core region. Since diabetes occurs 
2 to 3 decades before Alzheimer's, it is reasonable to speculate that IAPP ag-
gregates are released from the β cell upon secretion and appear in the circula-
tion. IAPP aggregates may enter the brain and there seed Aβ. Cross-seeding 
between IAPP and aSyn is more difficult to understand. Data from epidemio-
logical studies of Parkinson’s disease vary considerably, and results from 
other groups, including ours, on seeding between IAPP and aSyn, differ ex-
tensively. We used PLA and confirmed earlier findings that IAPP and aSyn 
co-localization is intracellular but failed to detect aSyn in extracellular islet 
amyloid. We performed some studies to investigate if aSyn is involved in in-
sulin secretion but found nothing that supports this. Obviously, more studies 
are necessary to determine if there is a link between aSyn and IAPP.  

IAPP is one of the most amyloidogenic peptides found, and it was early 
suggested that an endogenous inhibitor should exist. This is something that 
has been thoroughly sought after, and insulin, an early candidate, was shown 
to prevent IAPP aggregation in a concentration-dependent manner. However, 
after posttranslational processing, the mature insulin molecule is packed to-
gether with Zn2+ in the core region of the secretory granule while IAPP occu-
pies the halo region. This means that the two peptides are not expected to come 
into contact after completion of the processing. ProSP-C and Bri2 participate 
in propeptide-assisted folding, and proSP-C assists in folding the surfactant C 
segment, while Bri2 assists in folding the Bri23 segment. Interestingly, sur-
factants C and Bri23 are prone to aggregate and form amyloid in interstitial 
lung disease and familial British or Danish dementia, respectively. Both pro-
teins contain a BRICHOS sequence that has been ascribed an anti-amyloid 
activity. In co-expression studies, the BRICHOS domain of proSP-C has been 
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shown to prevent the amyloid formation of medin (207), known to form amy-
loid in elastic vessels e.g., aorta. Similarly, Bri2 BRICHOS prevents aggrega-
tion of Aβ, and as shown in this thesis, also of IAPP. The more widely ex-
pressed Bri2 occurs both in neurons and beta cells and therefore co-localizes 
with Aβ and IAPP, respectively.  

There are various strategies explored for the prevention of amyloid for-
mation. These include blocking or reducing the precursor's synthesis, potenti-
ating the precursor's degradation, or stimulating the degradation of the aggre-
gated protein. Which strategy you choose depends on which amyloidosis it is. 
IAPP amyloid arises intracellularly, but continued amyloid formation can oc-
cur by IAPP released from surrounding cells and then added to existing amy-
loid. The amyloid mass will gradually grow through this seeding process and 
cause further β cell death. The optimum would be to prevent the formation of 
intracellular IAPP amyloid and thereby preserve the β cells. Still, this inhibi-
tion must be intracellular with problems associated with inhibitor delivery and 
uptake without degradation. The Bri2 BRICHOS domain can be enzymati-
cally excised from Bri2 and the presence of BRICHOS in the extracellular 
amyloid supports interaction between IAPP and BRICHOS. When β cells are 
exposed to high glucose, there is a dramatic increase in IAPP synthesis while 
no corresponding compensatory increase for Bri2 is detected. If this is causing 
a shift in the IAPP: BRICHOS ratio that results in IAPP amyloid formation 
still has to be shown. However, β cells are sensitive to metabolic stress, but 
the viral expression of BRICHOS counteracted the associated cell death. It is 
possible that a local increase in Bri2 synthesis can be sufficient for the rescue 
of β cells, but to obtain this, we must increase our knowledge about Bri2 reg-
ulation.  
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Conclusions 

I. IAPP and Aβ interact directly in living cells and form intracellular 
amyloid. Parallel interaction is preferred over anti-parallel interac-
tion for both peptides. Co-expression of IAPP and Aβ in drosophila 
brain lead co-deposition and reduced lifespan. 
 

II. ASyn expresses in human β cells, colocalizes with IAPP but not 
with islet amyloid. ASyn can seed IAPP fibril formation, but IAPP 
can not seed aSyn fibril formation. Neither knock down nor over-
expression of aSyn affect β cell viability. 

 

III. Bri2 expresses in human β cells, colocalizes with both IAPP and 
islet amyloid. Bri2 BRICHOS is an endogenous β cell chaperone 
that inhibits both IAPP fibril formation and IAPP-induced toxicity 
in cell and drosophila models. 

 

IV. PFTAA-CN is a potent ligand to specifically detect islet amyloid 
under various conditions. The non-toxic property and physiological 
compatibility make it suitable to follow amyloid formation in living 
islets. 
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