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Abstract
Aims/hypothesis  Accumulation of islet amyloid polypeptide (IAPP) and amyloid formation is associated with beta cell 
dysfunction and cell death in human islets and may also contribute to graft failure post stem cell-derived islet (SC-islet) 
transplantation. The BRICHOS domain, a secretory peptide proteolysed from the Bri2 protein, possesses chaperone activity 
and has been shown to inhibit fibril formation of amyloid β-peptide in the brain and IAPP in human islets. In this study, we 
aimed to evaluate amyloid formation in SC-islets in vitro, as well as assess the role of Bri2 BRICHOS on amyloid formation 
and beta cell function.
Methods  Human SC-islets were used as an in vitro model to explore the accelerated amyloid formation and to investigate the 
role of Bri2 BRICHOS via adenovirus-transduced overexpression. SC-islets were cultured under normal glucose conditions 
or metabolic stress-like conditions. Subsequently, amyloid formation was determined by staining with the amyloid-specific 
ligand pentameric formyl thiophene acetic acid and transmission electron microscopy. Beta cell function was assessed by 
static glucose-stimulated insulin secretion and insulin content. The presence of relevant proteins was evaluated by immu-
nostaining and confocal microscopy. The mRNA expression profile of genes of interest was evaluated by qRT-PCR.
Results  We showed that IAPP is colocalised with insulin in SC-islet beta cells and, like human islets, SC-islets can develop 
amyloid under metabolic stress in vitro. Amyloid formation was increased and beta cell function was impaired in SC-islets 
under metabolic stress and overexpression of the Bri2 BRICHOS domain in SC-islets effectively prevented amyloid forma-
tion and partially protected beta cell function. The accentuated endogenous gene expression of ITM2B, ADAM10 and IAPP 
in SC-islets under the same glucose-induced metabolic stress condition was not affected by the overexpression of the Bri2 
BRICHOS domain.
Conclusions/interpretation  Our findings suggest that the molecular chaperone Bri2 colocalises with IAPP and insulin in 
SC-islet beta cells. The folding assistance has been ascribed to the BRICHOS domain in Bri2 and viral overexpression of 
the BRICHOS domain can prevent the formation of cytotoxic IAPP amyloid and improve beta cell function in SC-islets 
exposed to metabolic stress. A comprehensive analysis of SC-islet functionality excludes beta cell impairment as a cause 
for amyloid reduction but supports the protection against IAPP amyloid.

Keywords  BRICHOS · Diabetes · IAPP · Islet amyloid · SC-islets · Stem cell-derived islets

Abbreviations
Aβ	� Amyloid β
ADAM10	� ADAM metallopeptidase domain 10
ECAR​	� Extracellular acidification rate
GSIS	� Glucose-stimulated insulin secretion
hPSC	� Human pluripotent stem cell

IAPP	� Islet amyloid polypeptide
IGW	� Islet Gene View
ITM2B	� Integral membrane protein 2B
OCR	� Oxygen consumption rate
pFTAA​	� Pentameric formyl thiophene acetic acid
qPCR	� Quantitative real-time PCR
qRT-PCR	� Quantitative reverse transcription PCR
SC-islet	� Stem cell-derived islet *	 Joey Lau 

	 Joey.Lau@mcb.uu.se

1	 Department of Medical Cell Biology, Uppsala University, 
Uppsala, Sweden

http://crossmark.crossref.org/dialog/?doi=10.1007/s00125-025-06582-5&domain=pdf
http://orcid.org/0000-0001-6014-3984
http://orcid.org/0000-0001-5991-7137
http://orcid.org/0000-0003-0682-3449
http://orcid.org/0009-0005-3729-3593
http://orcid.org/0000-0001-7867-8653
http://orcid.org/0000-0003-1151-9986
http://orcid.org/0000-0002-8302-3253


437Diabetologia (2025) 69:436–450	

Introduction

Islet amyloid formation is considered an important patho-
logical characteristic of pancreatic islets in individuals 
with type 2 diabetes [1–3], while it can also be identified 
in some individuals with type 1 diabetes [4, 5] or less 
commonly in non-diabetic individuals [6, 7]. The main 
constituent of the deposited amyloid in human islets is the 
polypeptide hormone, islet amyloid polypeptide (IAPP), 
which is secreted together with insulin from beta cells [8, 
9]. Human IAPP has amyloidogenic properties and the 
accumulation of IAPP amyloid in human islets can lead to 
beta cell dysfunction and cell death [3, 10, 11], which is 
one of the factors that contribute to graft failure post islet 
transplantation [10, 11].

The generation of stem cell-derived islets (SC-islets) 
from human pluripotent stem cells (hPSCs) holds great 
potential to provide an unlimited source of insulin-pro-
ducing beta cells for the treatment of diabetes [12–14]. 
However, like in human islets, beta cells in SC-islets 
express IAPP [14, 15]. In an in vivo study, amyloid devel-
oped in implants from 20 weeks post transplantation of 
human stem cell-derived pancreatic endoderm placed in 
the subcutis of immune-compromised mice [16]. Recently, 
we confirmed the development of amyloid at 3 months 

following transplant of human SC-islet grafts beneath the 
renal capsule in immunodeficient mice [15]. These results 
are consistent with previous findings where amyloid devel-
ops in human islets transplanted into mice at 2 weeks post 
transplantation [17] and in intraportal-vein-transplanted 
human implants recovered after 2 years [10]. The forma-
tion of amyloid can be extensive and deposits in the trans-
planted SC-islets will impair the beta cell function. Thus, 
it is important to explore the factors that can inhibit IAPP 
amyloid formation in SC-islets to prevent beta cell dys-
function in the long term.

Molecular chaperones can assist protein folding and 
counteract misfolding during protein synthesis [18]. Bri2, 
also known as integral membrane protein 2B (ITM2B), is a 
multidomain transmembrane protein expressed in a variety 
of tissues [19, 20]. In human islets, Bri2 colocalises with 
IAPP intracellularly in beta cells [21]. The Bri2 protein 
contains a 100 residue-long BRICHOS domain attributed 
to a chaperone-like function and has been shown to assist 
folding and inhibit fibril formation of amyloid β-peptide 
and IAPP, associated with Alzheimer’s disease and type 
2 diabetes, respectively [21, 22]. In in vitro studies, the 
BRICHOS domain interacts with IAPP and drives aggre-
gation to the formation of non-toxic amorphous aggre-
gates. Furthermore, the downregulation of Bri2 expres-
sion with siRNA in EndoC-βH1 cells made cells more 
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vulnerable to metabolic stress, a disadvantage ameliorated 
by simultaneous overexpression of the BRICHOS domain 
[21]. However, the effect of the Bri2 BRICHOS domain on 
beta cell function has not yet been studied. Therefore, in 
this in vitro study, we aim to investigate the circumstances 
under which IAPP amyloid forms in SC-islets and whether 
overexpression of the Bri2 BRICHOS domain affects IAPP 
amyloid formation and beta cell function in SC-islets.

Methods

Human embryonic stem cell differentiation and human islet 
culture  Human embryonic stem cells (hESCs) (H1 cell line, 
no mycoplasma contamination) (WiCell Research Institute, 
WI, USA) were differentiated into SC-islets using a seven-
stage differentiation protocol as previously described [14]. 
Isolated human islets from brain-dead, non-diabetic donors 
were used for comparison studies (see the human islet check-
list in the electronic supplementary material [ESM]) and 
were generously provided by the Nordic Network for Clini-
cal Islet Transplantation (Uppsala University Hospital, Upp-
sala, Sweden). Ethical permission to use human islets has 
been obtained from the Regional Ethical Review Board in 
Uppsala, Sweden (Regionala etikprövningsnämnden, Upp-
sala, Sweden). Human islets were cultured in CMRL1066 
medium (Gibco, MA, USA) supplemented with 5.5 mmol/l 
glucose, 10% vol./vol. FBS (Gibco), 100 units/ml penicil-
lin–streptomycin (Sigma-Aldrich, MO, USA) and 1% vol./
vol. glutamine (Sigma-Aldrich) at 37°C in humidified air 
containing 5% CO2. Human islets from ten donors (ESM 
Table 1) were used in this study (mean ± SD age 62.7 ± 2.7 
years; n male/n female 5/5; mean ± SD BMI 26.9 ± 1.3 kg/
m2; mean ± SD HbA1c 39.9 ± 1.4 mmol/mol [5.8 ± 2.3%]).

During the experiment, SC-islets or human islets were 
cultured in the respective culture medium, without or sup-
plemented with 20 mmol/l glucose, 1.5 mmol/l sodium 
palmitate (Sigma-Aldrich) or a combination of 20 mmol/l 
glucose (Sigma-Aldrich) and 1.5 mmol/l sodium palmitate 
(Sigma-Aldrich) for the duration specified. Sodium palmi-
tate was prepared as described previously [23]. The culture 
medium was changed every 2–3 days. The SC-islets and the 
human islets were distributed equally (regarding size) into 
each group (e.g. control vs experimental group). SC-islets, 
or human islets that have fused during culture and become 
very large, were not included in experiments due to the pres-
ence of necrotic cores.

Overexpression of Bri2 BRICHOS domain in SC‑islets  The 
adenovirus Ad-BRICHOS was used for SC-islet transduc-
tion, resulting in the expression of a signal peptide with 23 
residues linked to residues 90–263 of Bri2 [21]. A non-pro-
tein-expressing adenovirus was used as control (Ad-control) 

[24]. SC-islets were transduced with Ad-BRICHOS or Ad-
control for 30 h, followed by culturing in 5.5 mmol/l glucose 
(G5.5 mmol/l) or 20 mmol/l glucose (G20 mmol/l) for 7 or 
10 days.

Pentameric formyl thiophene acetic acid staining of amyloid 
in human islets and SC‑islets  The presence of amyloid in 
human islets and SC-islets was visualised with the lumines-
cent conjugated oligothiophene pentameric formyl thiophene 
acetic acid (pFTAA) [25, 26]. After culture, human islets 
or SC-islets were incubated with culture medium supple-
mented with 7.5 μmol/l of pFTAA (kindly provided by Peter 
Nilsson, Linköping, Sweden) for 2 h, rinsed with PBS and 
placed in a glass-bottomed optical dish (IBIDI, WI, USA) 
with PBS, and then imaged with confocal microscopy using 
excitation λ 488 nm and z-stack protocol (Zeiss LSM780, 
Oberkochen, Germany). Images were analysed using ImageJ 
1.53q [27], and the amount of amyloid was calculated and 
presented as the ratio of pFTAA-positive area to the total 
area of human islets or SC-islets.

Glucose‑stimulated insulin secretion from SC‑islets  KRBH 
buffer supplemented with 0.1% BSA and adjusted to pH 7.4 
was used to perform the static glucose-stimulated insulin 
secretion (GSIS) studies in SC-islets at 37°C. SC-islets in 
duplicates (around ten SC-islets each) from different cul-
ture conditions were pre-incubated in KRBH buffer with 
2.8 mmol/l glucose for 90 min, followed by incubation at 
low glucose concentration (2.8 mmol/l) for 60 min and then 
with high glucose concentration (16.7 mmol/l) for 60 min. 
Supernatant fractions from low and high glucose concen-
trations were collected for insulin secretion measurement. 
SC-islets after GSIS were homogenised by sonicating in 100 
µl of redistilled H2O. An aliquot was used for DNA content 
measurement for sample comparisons. From the sonicated 
sample, 25 µl solution was mixed with 62.5 µl of 95% acid 
ethanol and then stored at −20°C until measurement of insu-
lin content. Insulin concentration was measured by Insulin 
ELISA Assay Kit (Mercodia, Uppsala, Sweden). DNA con-
tent was measured by the PicoGreen dsDNA quantification 
assay (Invitrogen, CA, USA).

Oxygen consumption rate in SC‑islets  Oxygen consump-
tion rate (OCR) and extracellular acidification rate (ECAR) 
of SC-islets were determined by Extracellular Flux Ana-
lyzer XFe96 (Agilent technologies, CA, USA) as previously 
described [23]. SC-islets (eight or nine SC-islets/well, four 
or five replicates for each culture condition) were placed into 
the XFe96 cell culture microplate pre-coated with Laminin 
521 (10 μg/ml; BioLamina, Stockholm, Sweden) and incu-
bated in assay medium (Agilent technologies) with 2.8 
mmol/l glucose for 2.5 h at 37°C in air. The basal OCR at 2.8 
mmol/l glucose was then measured, followed by sequential 
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injection of 20 mmol/l glucose and different mitochondrial 
respiration chain inhibition compounds. ECAR was analysed 
in parallel.

Beta cell apoptosis in SC‑islets  SC-islets from different cul-
ture conditions were made into single-cell suspensions using 
non-enzymatic cell dissociation buffer (Thermo Fisher Sci-
entific, Eugene, USA) and stained for live/dead discrimina-
tion using LIVE/Dead Fixable Aqua (Thermo Fisher Scien-
tific), followed by staining with the early apoptotic marker 
Annexin V (Thermo Fisher Scientific) [28–30]. Following 
fixation and permeabilisation using the Foxp3 transcription 
factor buffer (Thermo Fisher Scientific), cells were stained 
intracellularly with an anti-insulin antibody (Cell Signal-
ing Technology, Danvers, USA), followed by flow cytom-
etry using a Northern Lights cytometer equipped with three 
lasers (Cytek, Fremont, USA). Analysis was performed 
using FlowJo software v10.10 (BD Bioscience, Franklin 
Lakes, USA).

Immunofluorescence  SC-islets fixed with 4% paraformal-
dehyde for 20 min were washed with 0.1 mol/l phosphate 
buffer with 0.15 mol/l NaCl pH 7.4 (PBS), permeabilised 
with 1% Triton X-100 in PBS (Sigma, MO, USA) for 60 
min at room temperature and blocked overnight at 4°C in 
PBS with 0.3% Triton X-100 and 5% donkey serum (Jackson 

ImmunoResearch, PA, USA). Afterwards, SC-islets were 
incubated with primary antibodies overnight at 4°C, rinsed 
and incubated with secondary antibodies at room tempera-
ture for 1 h. Primary and secondary antibodies were diluted 
in PBS with 0.3% Triton X-100 and 5% donkey serum. After 
rinsing, SC-islets were mounted with a fluorescence mount-
ing medium (Dako, CA, USA). Images were acquired using 
the confocal microscopy (Zeiss LSM780).

Primary antibodies were rabbit anti-ITM2B/Bri2 (1:1000) 
(HPA029292, Sigma-Aldrich), rabbit anti-IAPP (1:250) 
[31], guinea pig anti-human insulin (1:300) (Fitzgerald, 
Acton, MA, USA) and mouse anti-glucagon with Alexa 
Fluor 488-conjugated (1:150) (Invitrogen). Secondary anti-
bodies were Alexa Fluor 594 donkey anti-guinea pig (1:300) 
(Jackson ImmunoResearch) and Alexa Fluor 647 donkey 
anti-rabbit (1:300) (Jackson ImmunoResearch). DAPI was 
used to stain the nuclei.

Transmission electron microscopy  Five SC-islets from each 
culture condition were chemically fixed with 2.5% glutaral-
dehyde (EM-grade, Sigma-Aldrich) in PBS (pH 7.4) at room 
temperature for 2 h. After rinsing in PBS, the SC-islets were 
dehydrated with increasing concentrations of ethanol and 
embedded in EPON (Polyscience, Germany). Ultrathin sec-
tions placed on 200 mesh Cu-grids were contrasted with 2% 
uranyl acetate and Reynolds lead citrate. The material was 
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Fig. 1   IAPP expression in human islets and SC-islets at stage 7, week 
6. (a) SC-islets were differentiated from H1 cells using a seven-stage 
differentiation protocol. The expression and location of IAPP in SC-
islets were confirmed by immunostaining and representative images 
are presented (IAPP, red; insulin, grey; glucagon, green; and DAPI, 
blue). Scale bar, 50 µm, n=12 SC-islets from three different batches 
of differentiation. (b–d) mRNA expression of genes of interest, 

including IAPP (b), INS (c) and GCG​ (d), was determined in human 
islets and SC-islets by qRT-PCR and the results were first normal-
ised by using the geometric average Ct value of two endogenous con-
trols (RPS7 and ACTB) and further calculated with the 2−ΔCt method. 
Results are expressed as mean ± SEM of n=6–7 human islet donors 
or 7–8 different batches of SC-islet differentiations. *p < 0.05 as indi-
cated
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analysed in a Tecnai G2 transmission electron microscope 
(FEI, Thermo Fisher).

Quantitative reverse transcription PCR (qRT‑PCR)  Total RNA 
of human islets and SC-islets was extracted using RNeasy 
Plus Micro Kit (Qiagen, Hilden, Germany), and cDNA was 
synthesised using the same amount of RNA of each sample 
and reverse transcribed using SuperScript First-Strand Syn-
thesis SuperMix (Invitrogen) according to the manufactur-
er’s protocol. Quantitative real-time PCR (qPCR) was per-
formed using PowerUp SYBR Green Master Mix (Applied 
Biosystems) on QuantStudio 5 Real-Time PCR Systems 
(Applied Biosystems). The relative gene expression levels 
between human islet and SC-islet cells were calculated by 
subtracting the geometric average Ct value of endogenous 
control ACTB and RPS7, followed by calculating with the 
2
−ΔC

t method. Relative gene expression in SC-islet experi-
ments with Bri2 BRICHOS domain overexpression was 
calculated by subtracting the geometric average Ct value of 
endogenous control GUSB and RPS7 and further expressed 
with the 2−ΔΔCt method. Primers were synthesised by Euro-
fins Genomics (Ebersberg, Germany) and the sequences are 
listed in ESM Table 2.

Exploring online RNA‑seq database of human islets  Islet Gene 
View (IGW) platform (https://​mae.​crc.​med.​lu.​se/​Islet​GeneV​
iew/) is a web tool based on the RNA-seq and genome-wide 
genotyping in human islets from 188 donors (155 without and 
33 with type 2 diabetes) [32]. IGW was scrutinised for data 
on the expression of ITM2B in human islets.

Data analysis  Data were analysed using GraphPad Prism10 
(GraphPad software). The results generated from biologi-
cal replicates were expressed as a mean of independently 
repeated experiments ± SEM. For the comparison of two 
groups, the two-tailed Student’s t test was used, and for the 
comparison of several groups, one-way ANOVA followed 
by the Holm–Sidak or Tukey multiple comparison tests was 
used for normally distributed data and Dunn multiple com-
parison tests for non-normally distributed data. A p value 
<0.05 was considered statistically significant. Data are avail-
able on request from the authors.

Results

IAPP expression in human islets and SC‑islets  To ensure the 
expression and distribution of IAPP at the later stage of differ-
entiation, SC-islets at stage 7, week 6, were picked and exam-
ined. Immunostaining confirmed IAPP expression in SC-islets 
and that the peptide colocalised with insulin-stained beta cells 
(Fig. 1a). IAPP reactivity was absent in glucagon-positive 
alpha cells. There was no difference in the gene expression of 

IAPP between SC-islets and human islets (Fig. 1b). However, 
the expression of the INS gene in SC-islets reached only 50% 
of the level detected in human islets (Fig. 1c). In contrast, the 
expression of GCG​ in SC-islets was twice that of the level 
detected in human islets (Fig. 1d). The mRNA expression 
of these genes is in line with the RNA-seq results obtained 
from the comparison of SC-islets with human islets [15]. The 
differences in insulin and glucagon gene expression between 
SC-islets and human islets may depend on expression levels or 
indicate that the proportion of insulin-secreting beta cells and 
glucagon-secreting alpha cells differ between the differenti-
ated SC-islets and isolated human islets.

Amyloid formation was triggered in SC‑islets under meta‑
bolic stress  Expression of IAPP and insulin are regulated in 
parallel [33], and prolonged beta cell stress (e.g. high con-
centrations of glucose) results in a simultaneous increase in 
insulin and IAPP synthesis, which can lead to the formation 
of amyloid in isolated islets from human IAPP transgenic 
mice [34]. In this study, the amyloid-specific ligand pFTAA 
was used for amyloid detection [25, 26]. Culture of human 
islets in 20 mmol/l glucose for 14 days resulted in the devel-
opment of almost double the amount of amyloid compared 
with the amyloid load detected in the human islets exposed 
to 5.5 mmol/l glucose (Fig. 2a, b). When human islets were 
cultured in 1.5 mmol/l sodium palmitate or a combination 
of 20 mmol/l glucose and 1.5 mmol/l sodium palmitate, only 
a minor increase in amyloid formation was observed com-
pared with islets cultured in 5.5 mmol/l glucose (Fig. 2a, b).

Interestingly, we found that amyloid formation in SC-
islets was significantly triggered by all three metabolic stress 
conditions (20 mmol/l glucose, 1.5 mmol/l sodium palmi-
tate, or a combination of 20 mmol/l glucose and 1.5 mmol/l 
sodium palmitate) compared with the amount of amyloid 
formed in SC-islets cultured at 5.5 mmol/l glucose (Fig. 2c, 
d). Moreover, electron microscopy examination of the SC-
islets after the metabolic stress culture conditions revealed 
the presence of amyloid (Fig. 2e). In addition, the dense 
core insulin granules identified in SC-islets cultured in 5.5 
mmol/l glucose were diminished in SC-islets cultured under 
metabolic stress conditions (Fig. 2e). Thus, we successfully 
established an in vitro SC-islet model for IAPP amyloid for-
mation that can be manipulated, and this model can be used 
to study the potential targets that can prevent amyloid forma-
tion. As high levels of glucose stimulate amyloid formation 
in both human islets and SC-islets, only 20 mmol/l glucose 
was used as the metabolic stress condition in the subsequent 
experiments.

Overexpression of Bri2 BRICHOS domain in SC‑islets  To 
find the potential way to inhibit IAPP amyloid formation 
in SC-islets, Bri2 BRICHOS domain, an endogenous pro-
tein peptide with chaperone activity, was studied. Bri2 is 

https://mae.crc.med.lu.se/IsletGeneView/
https://mae.crc.med.lu.se/IsletGeneView/
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proteolytically cleaved during the passage through the secre-
tory pathway. By processing by ADAM metallopeptidase 
domain 10 (ADAM10), BRICHOS domain is released from 

Bri2 into the luminal side of the endoplasmic reticulum 
Golgi site pathway. This enables the BRICHOS domain to 
be shed into extracellular space [35]. By searching for the 
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copy. (a, b) Representative pFTAA staining images from human islets 
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ent batches of differentiations (3–5 SC-islets per differentiation). (d, 
e) The gene expression of ITM2B (d) and ADAM10 (e) was examined 
by qRT-PCR and data were normalised by using the geometric aver-
age Ct value of two endogenous controls, RPS7 and ACTB, followed 
by expression as 2−ΔΔCt . Results are expressed as mean ± SEM of 
seven batches of SC-islet differentiations. *p < 0.05, ***p < 0.001, 
as indicated
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Fig. 4   Overexpression of Bri2 BRICHOS domain in SC-islets inhib-
its in vitro amyloid formation and improves beta cell function under 
high levels of glucose exposure. SC-islets were transduced with the 
Ad-control (Ad-virus C) or Ad-BRICHOS virus with low or high 
titre (Ad-virus BRICHOS titre L and titre H, respectively) for 30 h, 
followed by culturing under normal glucose (G5.5 mmol/l) or high 
glucose (G20 mmol/l) for 7 days. (a) The amount of amyloid formed 
after treatment was determined by staining with pFTAA and rep-
resentative images are shown. Scale bar, 20 µm. (b) The ratio of 
pFTAA-positive area to the total area of SC-islets was calculated 

from (a) and the results were presented as the fold of G5.5 mmol/l 
group. Results are expressed as mean ± SEM of n=total of 12–17 
SC-islets from four batches of differentiations (2–6 SC-islets per dif-
ferentiation). (c) Total intracellular insulin content was normalised to 
total DNA content. (d, e) Static GSIS was performed in SC-islets cul-
tured with 2.8 mmol/l glucose and 16.7 mmol/l glucose for 60 min. 
Insulin secreted from static GSIS was normalised to total DNA (d) 
and insulin stimulation index at 7 days of culture was calculated (e). 
Results are expressed as mean ± SEM of five batches of SC-islet dif-
ferentiations. *p < 0.05, **p<0.01, as indicated
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online available RNA-seq and genome-wide genotyping data 
of human islets https://​mae.​crc.​med.​lu.​se/​Islet​GeneV​iew/e 
(accessed 12 January 2023) [32], we found that ITM2B was 
highly expressed in human islets; its expression was posi-
tively correlated to INS gene expression but negatively cor-
related to IAPP gene expression.

Immunolabelling with an anti-Bri2 antibody revealed a 
low endogenous expression of Bri2 in SC-islets cultured 
in 5.5 mmol/l glucose and a higher expression in SC-islets 
cultured in 20 mmol/l glucose for 7 days (Fig. 3a, b). Cul-
ture of SC-islets in 20 mmol/l glucose for 7 days increased 
the mRNA expression level of endogenous ITM2B and 
ADAM10, and this increase was not affected by exogenous 
transduction of the Ad-BRICHOS domain regardless of the 
virus titre (Fig. 3d, e). At the normal glucose condition (5.5 
mmol/l), low and high titres of Ad-BRICHOS did not affect 
gene expression of ITM2B or ADAM10 (ESM Fig. 1a, b). 
This observation indicates that under metabolic stress (e.g. 
high levels of glucose), endogenous Bri2 expression in beta 
cells was upregulated, and this was paralleled by an increased 
expression of ADAM10 that facilitates a proteolytic cleavage 
and releases the BRICHOS domain. Overexpression of the 
Bri2 BRICHOS domain in SC-islets was achieved by virus 
transduction using adenovirus. Virus transduction efficacy 
ranged between 13% and 69% for the low virus titre and 
between 31% and 67% for the high virus titre, respectively. 
As expected, Ad-BRICHOS-transduced SC-islets exhibited 
a strong signal, confirming the production of exogenous Bri2 
BRICHOS domain (Fig. 3a). Immunolabelling for insulin 
and glucagon was also performed on transduced SC-islets, 
and the Bri2 BRICHOS domain signal was present in both 
insulin-positive beta cells and glucagon-positive alpha cells. 
The virus titre used for Ad-BRICHOS transduction did not 
affect the number of Bri2-positive cells detected (Fig. 3a, c). 
Thus, exogenous expression of the Bri2 BRICHOS domain 
was successfully introduced into the SC-islets.

Overexpression of Bri2 BRICHOS domain inhibits in vitro 
IAPP amyloid formation and improves beta cell function in 
SC‑islets  Considering the cytotoxic effects of amyloid for-
mation in human islets [2, 3, 36] and the protective role of 
the Bri2 BRICHOS domain against amyloid-induced cell 
death [21], it is attractive to explore whether overexpression 
of the Bri2 BRICHOS domain in SC-islets can protect beta 
cell function against glucotoxicity. We found that the amy-
loid formation induced in SC-islets after 7 days of culture 
in 20 mmol/l glucose was reduced by overexpression of the 
Bri2 BRICHOS domain regardless of low or high titres of 
the Ad-BRICHOS (Fig. 4a, b). However, the decreased intra-
cellular insulin content in SC-islets under long-term high 
glucose culture could be restored by low but not high titres 
of Ad-BRICHOS transduction (Fig. 4c). Furthermore, the 
overexpression of Bri2 BRICHOS domain with a low titre 

of Ad-BRICHOS virus transduction had a similar protective 
effect on beta cell function, which was assessed by stimula-
tion index from the static GSIS (Fig. 4d, e).

The overexpression of virus Ad-BRICHOS in SC-islets 
did not affect the mitochondrial respiration (basal respira-
tion, ATP-coupled respiration and maximal respiration) or 
glycolysis (basal ECAR) compared with SC-islets treated 
with 20 mmol/l glucose (Fig. 5a–g). SC-islets transduced 
with a low titre of Ad-BRICHOS virus showed a similar 
OCR and ECAR profile as the control SC-islets (Fig. 5a–g). 
Exposure of the SC-islets to 20 mmol/l glucose revealed a 
small non-significant (p=0.5–0.8) increase in beta cell death 
but slightly reduced early stage apoptosis marked by Annexin 
VHigh staining, but this was not significantly changed with 
Bri2 BRICHOS overexpression (Fig. 6a, b). This suggests 
that when treated with 20 mmol/l glucose, beta cells in the 
SC-islets progress more rapidly from early stage apoptosis to 
completed apoptosis. Based on these findings, we confirmed 
that the metabolic stress in vitro in terms of long-term culture 
in high levels of glucose could trigger amyloid formation in 
SC-islets and impair beta cell function. Inhibiting amyloid 
formation in SC-islets via proper overexpression of the Bri2 
BRICHOS domain can partially protect beta cell function of 
SC-islets from metabolic stress induced by long-term expo-
sure to high levels of glucose.

Overexpression of the Bri2 BRICHOS domain did not affect 
IAPP expression in SC‑islets  Amyloid forms rapidly in cul-
tured human islets [37] and the formation of amyloid in vitro 
is glucose- and time-dependent [34]. In line with this observa-
tion, the expression of IAPP in SC-islets was triggered by a 7 
day exposure to 20 mmol/l glucose (Fig. 7a, b). The overex-
pression of the Bri2 BRICHOS domain in SC-islets did not 
affect the induced IAPP mRNA expression in response to high 
glucose culture regardless of the virus or virus titre (Fig. 7b). 
Thus, the reduction in amyloid formation in high glucose-
cultured SC-islets by Bri2 BRICHOS domain overexpression 
(Fig. 2a, b) was not due to a decreased expression of IAPP. 
Despite the restored insulin content in 20 mmol/l glucose-
cultured SC-islets by low titre Ad-BRICHOS transduction, the 
gene expression of INS and GCG​ was unaffected by culture 
in 20 mmol/l glucose for 7 days regardless of Ad-BRICHOS 
transduction (Fig. 7c, d). Additionally, after culture in 5.5 
mmol/l glucose, low and high titres of Ad-BRICHOS did not 
affect gene expression of IAPP, INS or GCG​ (ESM Fig. 1c–e).

Discussion

In this study, we present our finding that culture under 
long-term metabolic stress conditions in vitro triggers 
cytotoxic IAPP amyloid formation in SC-islets. The 
induced amyloid formation in SC-islets under long-term 

https://mae.crc.med.lu.se/IsletGeneView/e
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Fig. 5   Overexpression of Bri2 BRICHOS domain in SC-islets does 
not impair mitochondrial respiration. SC-islets were transduced with 
Ad-BRICHOS virus with low or high titre (Ad-virus BRICHOS titre 
L and titre H, respectively) for 30 h, followed by culturing under 
normal glucose (G5.5 mmol/l) or high glucose (G20 mmol/l) for 10 
days. After culture, OCR and ECAR were measured. (a) The dynamic 
curve of OCR is shown. The injection of 20 mmol/l glucose, 5 μmol/l 
oligomycin, 5 μmol/l FCCP, and a combination of 5 μmol/l of rote-
none and 5 μmol/l antimycin is shown. (b–g) Basal mitochondrial 

OCR at 2.8 mmol/l (b) and 20 mmol/l (c) was calculated by subtract-
ing non-mitochondrial OCR from the total OCR. The portions of 
ATP-coupled (d) and proton leak OCR (e) were calculated based on 
the oligomycin effect. Maximal OCR was calculated from the FCCP 
effect (f). ECAR measurements were assessed in parallel (g). Results 
are expressed as mean ± SEM of three batches of SC-islet differentia-
tions. Data were analysed for statistical significance using a one-way 
ANOVA with a Holm–Sidak post hoc test, and no differences were 
found. FCCP, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
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exposure to high levels of glucose could be ameliorated by 
the proper overexpression of the Bri2 BRICHOS domain 
via adenovirus transduction, which could partially contrib-
ute to the improved beta cell function in SC-islets under 
metabolic stress. Moreover, the induced endogenous gene 
expression of ITM2B, ADAM10 and IAPP in SC-islets 
by long-term culture at a high glucose concentration was 
unaffected by the overexpression of the Bri2 BRICHOS 
domain regardless of the adenovirus titre.

Our previous findings confirm IAPP amyloid forma-
tion in SC-islets transplanted beneath the kidney capsule 
3 months post transplantation in immunodeficient mice 
[15]. Based on this observation, the present study was per-
formed to investigate under which in vitro circumstances 
IAPP amyloid forms in SC-islets and also to explore 
whether the inhibition of amyloid formation in SC-islets 
can improve beta cell function. As a first step, we aimed 
to characterise the similarities between SC-islets and 
human islets regarding the IAPP expression and distribu-
tion. Despite the slightly different proportions of insulin-
secreting beta cells and glucagon-secreting alpha cells, the 
expression of IAPP was similar between human islets and 
SC-islets. Moreover, IAPP was shown to be colocalised 
with insulin-positive beta cells but not glucagon-positive 
alpha cells by immunostaining, suggesting that IAPP is 
located in SC-islet beta cells, as in human islet beta cells 
where both IAPP and insulin were packaged together in 
the insulin secretory granules [3, 38]. It has been reported 

that the SC-islets differentiated from the hPSCs in vitro 
could not completely recapitulate the in vivo maturation of 
adult human islets [14, 15]. However, IAPP was recently 
identified as a potential marker for a more mature subpop-
ulation of SC-beta cells [39], suggesting that the SC-islets 
generated in this study contained mature beta cells and can 
be used to test the development of amyloid formation in 
in vitro experiments.

Insulin resistance and hyperglycaemia may contribute 
to the formation of amyloid in human islets in vivo by 
the increased production of IAPP from the beta cells [40, 
41]. There is a strong association between the degree of 
amyloid deposition in individuals with type 2 diabetes and 
the presence of beta cell apoptosis and reduced beta cell 
mass [2]. In human islets, amyloid is found both intra- and 
extracellularly, caused by two pathways that occur side by 
side but that are dependent on each other [36]. Extensive 
intracellular amyloid results in cell death [2, 42], and amy-
loid escaping degradation by macrophages [43] can seed 
amyloid growth of IAPP secreted from the surrounding 
beta cells. In amyloid toxicity, oligomers are described as 
cytotoxic species [44], while mature fibrils will affect the 
architecture of the islet and interfere with hormone secre-
tion [3]. In this study, we confirmed that in vitro cultured 
SC-islets could develop IAPP amyloid formation under 
long-term exposure to different metabolic stress circum-
stances (e.g. high levels of glucose, sodium palmitate and 
glucose plus sodium palmitate), as assessed by staining 

a b

0.0

0.5

1.0

1.5

2.0

N
or

m
al

is
ed

 ra
tio

 o
f

de
ad

/in
su

lin
+  c

el
ls

Glucose              5.5        20        20        20
(mmol/l)

BRICHOS

0.0

0.5

1.0

1.5

N
or

m
al

is
ed

 ra
tio

 o
f

An
ne

xi
n 

VH
ig

h /in
su

lin
+

liv
e 

ce
lls

     Glucose              5.5        20        20        20
     (mmol/l)

Ad-virus Titre L Titre H Ad-virus Titre L Titre H
BRICHOS

Fig. 6   Overexpression of Bri2 BRICHOS domain in SC-islets does 
not induce beta cell apoptosis. SC-islets were transduced with Ad-
BRICHOS virus with low or high titre (Ad-virus BRICHOS titre L 
and titre H, respectively) for 30 h, followed by culturing under nor-
mal glucose (5.5 mmol/l) or high glucose (20 mmol/l) for 10 days. 
After culture, SC-islet single-cell suspensions were generated, stained 
and analysed by flow cytometry. Samples were gated for singlets, to 
exclude debris, and insulin+ to identify beta cells. Data were normal-
ised to the control culture conditions for each experiment; circles, 

squares and triangles each represent a separate experimental replicate. 
(a) Normalised ratio of dead beta cells following culture. (b) Nor-
malised ratio of Annexin VHigh cells among live beta cells. Results 
are expressed as mean ± SEM of three batches of SC-islet differen-
tiations. Data were analysed for statistical significance by a one-way 
ANOVA with a Tukey post-test for the ratio of dead beta cells and a 
Dunn post-test for the ratio of Annexin VHigh live beta cells, and no 
differences were found
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with the amyloid-specific ligand pFTAA. This was con-
sistent with the findings in human islets in in vitro culture 
where IAPP amyloid was formed under metabolic stress 

and played an important role in beta cell death [2, 42, 45]. 
The induced IAPP amyloid formation also contributed to 
the impaired beta cell function in SC-islets in terms of 
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Fig. 7   IAPP expression in SC-islets with Bri2 BRICHOS domain 
overexpression. SC-islets were transduced with the Ad-control (Ad-
virus C) or Ad-BRICHOS virus with low or high titre (Ad-virus 
BRICHOS titre L and titre H, respectively) for 30 h followed by cul-
turing under normal glucose (G5.5 mmol/l) or high glucose (G20 
mmol/l) for 7 days. (a) After culture, the expression levels of IAPP 
in SC-islets were evaluated by immunostaining and representative 
images are shown (IAPP, red; insulin, grey; glucagon, green; and 

DAPI, blue). Scale bar, 50 µm. n=12–15 SC-islets from three dif-
ferent batches of differentiation. (b–d) The gene expression of IAPP 
(b), INS (c) and GCG​ (d) was determined by qRT-PCR. Data were 
normalised by using the geometric average Ct value of two endoge-
nous controls (RPS7 and ACTB), and expressed as 2−ΔΔCt . Results are 
expressed as mean ± SEM of seven batches of SC-islet differentia-
tions. *p < 0.05 as indicated
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GSIS and intracellular insulin content, although with no 
change in the mRNA expression level of the INS gene.

Human IAPP is unusually amyloidogenic, yet IAPP remains 
as non-aggregated in most healthy individuals, suggesting the 
presence of an endogenous inhibitor of IAPP aggregation in 
the secretory granules of beta cells where high concentrations 
of IAPP and insulin are stored [3]. Even though insulin was 
shown to prevent IAPP aggregation in a concentration-depend-
ent manner in vitro [46], the mature peptides of IAPP and insu-
lin do not interact with each other due to the differences in their 
intragranular localisation (i.e. IAPP is in the halo region of the 
granule and insulin together with Zn2+ makes up the dense 
core region) [38]. This observation led to the search for other 
endogenous molecules with inhibitory effects on IAPP fibril-
lation. In this study, the role of the Bri2 BRICHOS domain, 
an endogenous protein with chaperone activity, was studied 
for the first time in relation to beta cell function in SC-islets. 
ITM2B was shown to be positively correlated to INS while 
negatively correlated to IAPP gene expression from an online 
database [32], indicating that Bri2 probably plays a protective 
role in human islet beta cells. In SC-islets, exposure to meta-
bolic stress increases the expression of endogenous Bri2 at pro-
tein and mRNA levels and ADAM10 gene expression, which is 
expected to increase the release of the BRICHOS domain from 
Bri2. It is possible that the increased expression of Bri2 was a 
compensatory mechanism but it remains insufficient to prevent 
the aggregation of IAPP, which also increased in response to 
metabolic stress. On the other hand, when the Bri2 BRICHOS 
domain was overexpressed in SC-islets through adenovirus 
transduction and confirmed with immunostaining with a Bri2 
antibody, we observed that the low virus titre was sufficient 
for almost complete prevention of amyloid in SC-islets, with-
out causing any negative effect on IAPP expression. In vitro, 
5 μmol/l Bri2 BRICHOS prevents aggregation of 10 μmol/l 
IAPP, an inhibition lost at higher molar ratios [21]. This sug-
gests that an adequate level of Bri2 BRICHOS is crucial for 
inhibiting amyloid formation. Chaperones are often general, 
working on a broad range of protein targets. Bri2/BRICHOs 
prevents amyloid formation from both IAPP (in islets) and Aβ 
(amyloid protein that deposits in patients with Alzheimer’s dis-
ease). Therefore, a higher virus titre does not necessarily mean 
more protection; instead, the optimal effect is obtained when 
the necessary molar ratio of IAPP and BRICHOS is reached. 
The absence of further improvement after high virus titre trans-
duction indicates that low virus titre transduction was sufficient 
to reach an adequate concentration. Furthermore, it may con-
tribute to the restoration of insulin content and improved GSIS 
in SC-islets under metabolic stress.

Early nomenclature describes amyloid as extracellular 
deposits, and new therapies include antibodies against amy-
loid oligomers or mature fibrils. Lecanemab, a monoclonal 
antibody that binds with high affinity to soluble amyloid beta 
(Aβ) protofibrils, was recently approved by the US Food 

and Drug Administration (FDA) [47]. Administration of 
lecanemab reduces the extracellular amyloid load and slows 
the cognitive decline in individuals with early Alzheimer’s 
disease. In an early study on islet amyloid prevention per-
formed on islets isolated from human IAPP-expressing mice, 
toxic oligomers were present in beta cells, and administra-
tion of oligomer-specific antibodies did not affect beta cell 
apoptosis [42]. Instead, the treatment strategy should prevent 
the formation of intracellular aggregates and thereby avert 
cytotoxicity. Bri2 BRICHOS has been shown to prevent 
amyloid fibril formation from IAPP and Aβ in vitro [48, 
49] and i.v. injections of BRICHOS reduced the amyloid 
load and gliosis in an mouse model of Alzheimer’s disease 
[50]. The results confirm the effect of BRICHOS on pro-
tein aggregation and also on the clearance of formed amy-
loid. Bri2/BRICHOS is of particular interest as beta cells 
already express this protein. Therefore, one should focus on 
regulating the expression of the endogenous ITM2B gene 
or increasing the processing of Bri2 to increase the produc-
tion of BRICHOS. In islet transplantation, overexpression of 
BRICHOS could be obtained with viral transduction.

Certain limitations of this study should be acknowledged. 
First, there are some experiments wherein the number of 
observations was relatively low. However, the well-con-
trolled differentiation protocol and the quality control that 
SC-islets underwent before inclusion in a study ensured low 
batch variation. In addition, the impact of Bri2 BRICHOS 
on preventing cytotoxic IAPP amyloid is clearly visible. Sec-
ond, the transduction efficiency between batches of SC-islets 
varies and is challenging to quantify with high precision. 
One explanation could be that not all transduced cells may 
express Bri2 at the same level, leading to a variability in 
the staining intensity. Moreover, our SC-islets also varied in 
size and density, which could further impact the transduc-
tion efficiency. This could impose an additional translational 
challenge. Verification of our findings in an in vivo model 
is required.

In conclusion, we have demonstrated that Bri2 colocalises 
with insulin in SC-islet beta cells. Furthermore, overexpres-
sion of the Bri2 BRICHOS domain can prevent amyloid for-
mation and improve beta cell function in SC-islets exposed 
to metabolic stress. This work emphasises the importance 
of regulating IAPP in the prevention of amyloid and opens 
up the potential for the development of Bri2 BRICHOS 
domain-directed targets in SC-islets to improve the func-
tion of beta cells.
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