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Abstract
Aims/hypothesis Aggregation of islet amyloid polypeptide
(IAPP) to form amyloid contributes to beta cell dysfunction
in type 2 diabetes. Human but not non-amyloidogenic rodent
IAPP induces islet macrophage proIL-1β synthesis. We eval-
uated the effect of IL-1 receptor antagonist (IL-1Ra) on islet
inflammation and dysfunction in a mouse model of type 2
diabetes with amyloid formation.
Methods Lean and obese male mice (A/a orAvy/A at the agouti
locus, respectively) with or without beta cell human IAPP
expression (hIAPPTg/0) were treated with PBS or IL-1Ra
(50 mg kg−1 day−1) from 16 weeks of age. Intraperitoneal
glucose and insulin tolerance tests were performed after
8 weeks. Pancreases were harvested for histology and gene
expression analysis.
Results Aggregation of human IAPP was associated with
marked upregulation of proinflammatory gene expression in
islets of obese hIAPPTg/0 mice, together with amyloid depo-
sition and fasting hyperglycaemia. IL-1Ra improved glucose
tolerance and reduced plasma proinsulin:insulin in both lean
and obese hIAPPTg/0mice with no effect on insulin sensitivity.
The severity and prevalence of islet amyloid was reduced by
IL-1Ra in lean hIAPPTg/0 mice, suggesting a feed-forward

mechanism by which islet inflammation promotes islet amy-
loid at the early stages of disease. IL-1Ra limited Il1a, Il1b,
Tnf and Ccl2 expression in islets from obese hIAPPTg/0 mice,
suggesting an altered islet inflammatory milieu.
Conclusions/interpretation These data provide the first
in vivo evidence—using a transgenic mouse model with am-
yloid deposits resembling those found in human islets—that
IAPP-induced beta cell dysfunction in type 2 diabetes may be
mediated by IL-1. Anti-IL-1 therapies may limit islet inflam-
mation and dysfunction associated with amyloid formation.
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Abbreviations
hIAPP Human islet amyloid polypeptide
hIAPPTg/0 Hemizygous human islet amyloid polypeptide

transgenic
IAPP Islet amyloid polypeptide
IL-1R Interleukin-1 receptor
IL-1Ra Interleukin-1 receptor antagonist
MAFA v-Maf musculoaponeurotic fibrosarcoma

oncogene homologue A
NLRP3 NACHT, LRR and PYD domain-containing

protein 3
PDX1 Pancreatic and duodenal homeobox factor 1

Introduction

Islet amyloid deposition [1], macrophage infiltration [2, 3], and
upregulation of proinflammatory cytokines [4, 5] are common
pathological features of pancreatic islets from patients with
type 2 diabetes. Amyloid deposits are composed primarily of
islet amyloid polypeptide (IAPP), a 37-amino-acid peptide that
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is co-secreted with insulin by beta cells. Recent evidence
suggests that IAPP aggregates trigger islet secretion of IL-1,
which acts alone or in combination with other proinflammato-
ry cytokines to impair beta cell insulin secretion [6, 7]. Human
but not non-amyloidogenic rodent IAPP induces IL-1β syn-
thesis in bone marrow-derived and intra-islet macrophages
[8, 9]. IAPP also activates the NACHT, LRR and PYD
domain-containing protein 3 (NLRP3) inflammasome, re-
quired for processing of proIL-1β into its mature form [10].
Blockade of IL-1 signalling with IL-1 receptor (IL-1R) antag-
onist (IL-1Ra) limits IAPP-induced secretion of proinflamma-
tory cytokines by culturedmacrophages and islets [9], suggest-
ing that this cytokine is a central mediator of islet inflammation
in the setting of amyloid formation.

Increased expression of IL-1-related genes is a characteris-
tic of islets from patients with type 2 diabetes [11]. Moreover,
multiple clinical studies in patients with type 2 diabetes have
demonstrated improved insulin secretion in response to anti-
IL-1 therapy with no detectable effects on insulin resistance
[12]. These data suggest that the islet may be particularly
susceptible to IL-1-induced inflammation, perhaps due in part
to an islet-localised stimulus for IL-1 such as IAPP aggrega-
tion. Here, we assessed the effect of IL-1Ra on amyloid
formation, islet inflammation and beta cell function in a trans-
genic mouse model of islet amyloid formation.

Methods

Mice C57BL/6 and FVB/NJ mice were from the Jackson
Laboratory (Bar Harbor, ME, USA). Hemizygous FVB/N-
Tg(Ins2-IAPP)RHFSoel/J mice were bred with wild-type
FVB mice to produce hemizygous human IAPP transgenic
mice (hIAPPTg/0). To generate hIAPPTg/0 mice and wild-type
littermates with a viable yellow allele at the agouti locus, female
hIAPPTg/0 mice (A/A at the agouti locus) were crossed with
male B6.C3-Avy/J mice (Avy/a) as described previously [13].
Agouti allele status was determined based on coat colour [14].
Homozygous hIAPPTg/Tg Sprague–Dawley rats from transgen-
ic Line 9 generated by Butler et al [15] were obtained from
Pfizer (New York, NY, USA). Transgenic rats were bred with
wild-type Sprague–Dawley rats (University of British Colum-
bia, Vancouver, BC, Canada) to generate hemizygous hIAPPTg/
0 rats. Rodents were maintained in compliance with Canadian
Council on Animal Care guidelines. Studies were approved by
theUniversity of British Columbia Committee onAnimal Care.
All rodents were maintained on a 13 kJ% fat diet (PicoLab
Rodent Diet 20-5053, Lab Diet, St Louis, MO, USA).

Metabolic testing Sixteen-week-old male Avy-hIAPPTg/0 or
a-hIAPPTg/0 mice and wild-type littermates were treated s.c.
with 50 mg/kg/day IL-1Ra (anakinra; Sobi, Stockholm, Swe-
den). Plasma insulin and proinsulin, glucose tolerance and

insulin sensitivity were assessed after 7–8 weeks according
to previously published methods [8]. Tail vein glucose was
measured by a glucometer (OneTouch, Burnaby, BC, Cana-
da). Glucose-stimulated insulin secretion in isolated islets was
assessed as described previously [16]. Plasma hIAPP was
measured by ELISA (Millipore, Etobicoke, ON, Canada).

Gene expression analysis Islets were isolated by ductal colla-
genase injection and filtration [17]. Islet culture, RNA isolation,
cDNA synthesis and reverse transcription-quantitative PCR
(RT-qPCR) were performed as described previously [8], with
primer sequences from PrimerBank [18]. Gene expression in
islets isolated from Avy-hIAPPTg/0 and control mice was
assessed with a mouse Inflammatory Response and Autoim-
munity Array and analysed with RT2 Profiler PCR Array Data
Analysis Version 3.5 (Qiagen, Mississauga, ON, Canada).

Immunohistochemistry Formalin-fixed, paraffin-embedded
sections (5 μm) from two to three areas of pancreas were
deparaffinised and rehydrated. Antigen retrieval was performed
in Target Retrieval Solution (Dako, Carpinteria, CA, USA) for
20 min. Sections were blocked with 0.25% casein (Dako) for
30 min. Primary antibodies were diluted in 0.1% BSA in PBS
and applied overnight at 4°C as follows: guinea pig anti-insulin
(Dako), 1:200; rat anti-F4/80 (Cedarlane, Burlington, ON,
Canada), 1:75; rabbit anti-PDX1 (Abcam, Toronto, ON, Can-
ada), 1:200; rabbit anti-MAFA (Bethyl Laboratories, Mont-
gomery, TX, USA), 1:200. For nuclear staining, tissue was
permeabilised with 0.25% Triton-X100 (Sigma-Aldrich,
Oakville, ON, Canada) for 15 min prior to blocking. Alexa
594 goat anti-guinea pig and Alexa 488 goat anti-rat secondary
antibodies (1:100; Life Technologies, Burlingon, ON, Canada)
were applied for 1 h at room temperature. Sections were incu-
bated with 0.1% thioflavin S for 2 min followed by an ethanol
wash. Slides were mounted using Vectashield mounting medi-
um with DAPI (Vector Laboratories, Burlington, ON, Canada)
and imaged on a BX61 microscope (Olympus, Center Valley,
PA, USA). Quantification was performed using Image-Pro
software (MediaCybernetics, Bethesda, MD, USA).

Statistical analyses Data were analysed with GraphPad Prism
(GraphPad Software, La Jolla, CA, USA) and are expressed as
means ± SEM of the indicated number of trials. Differences
between two groups were evaluated by two-tailed t test. Dif-
ferences among three or more groups were evaluated by one-
way or two-way ANOVA and Bonferroni post tests.

Results

Amyloid accumulation in obese Avy-hIAPPTg/0 mice is associ-
ated with upregulation of islet proinflammatory cytokines and
decreased beta cell gene expression We generated obese,
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insulin-resistant hIAPPTg/0 mice expressing the agouti viable
yellow allele (Avy) as described previously [13]. We compared
the phenotypes of Avy-expressing mice (yellow, obese and
insulin-resistant; Avy-hIAPPTg/0 and Avy-WT) to their brown,
leaner littermates (a-hIAPPTg/0 and a-WT). hIAPP transgene
expression in beta cells of obese Avy-expressing mice caused
islet amyloid formation, with small flecks of amyloid in ~15%
of islets at 12 weeks of age and larger pericapillary deposits
affecting ~60% of islets and comprising ~20% of islet area by
24 weeks of age (Fig. 1a–c). At 12 weeks, hIAPP transgene
expression significantly impaired glucose tolerance in obese
Avy-expressing mice, with a similar trend in a-hIAPPTg/0 vs
a-WT mice (Fig. 1d, e). The hIAPP-induced glucose intoler-
ance could not be attributed to insulin resistance, as
Avy-hIAPPTg/0 mice were more insulin-sensitive than their

wild-type littermates (Fig. 1f, g). Avy expression caused in-
creased body weight, with no difference between hIAPPTg/0

and wild-type mice (Fig. 1h, i). Amyloid deposition was
associated with hyperglycaemia in Avy-hIAPPTg/0 but not
a-hIAPPTg/0 mice at both 12 and 24 weeks of age
(Fig. 1h, i).

To determine whether amyloid deposition is associated
with changes in proinflammatory gene expression, we used
an RT-qPCR array to analyse gene expression in islets from
24-week-old a-hIAPPTg/0 and Avy-hIAPPTg/0 mice and their
wild-type littermates. Of 84 inflammation-related genes eval-
uated, 66 could be detected in islets (electronic supplementary
material [ESM] Table 1, Fig. 2a–c). In lean a-hIAPPTg/0 mice,
only Itgb2 (which together with Itgam encodes the αMβ2
integrin) was significantly upregulated compared with a-WT

Fig. 1 Beta cell expression of hIAPP in obese Avy-expressing mice
promotes amyloid accumulation between 12 and 24 weeks. Pancreases
were isolated from 12- and 24-week-old male hIAPPTg/0 or wild-type
(WT) mice with or without agouti viable yellow expression (Avy and a,
respectively). (a) Formalin-fixed, paraffin-embedded pancreas sections
from hIAPPTg/0 mice were stained for insulin (red), amyloid (green,
thioflavin S) and nuclei (DAPI, blue). Note that the overlap between
thioflavin S and DAPI is due to the broad emission spectrum of thioflavin
S. Scale bars, 50 μm. (b) Amyloid prevalence (proportion of islets con-
taining amyloid) and (c) amyloid severity (proportion of islet area occu-
pied by amyloid) were assessed at each time point. a-hIAPPTg/0, white

bars; Avy-hIAPPTg/0, black bars. (d) Glucose tolerance at 12 weeks was
assessed by i.p. injection of 0.75 g/kg glucose and (e) evaluation of area
under the glycaemia curve up to 120min. a-WT,white circles; a-hIAPPTg/0,
black circles; Avy-WT, white squares; Avy-hIAPPTg/0, black squares. (f)
Insulin sensitivity at 12 weeks was assessed by i.p. injection of 1 U/kg
insulin and (g) evaluation of area under baseline (normalised to 1) and
above the glycaemia curve up to 60 min. Body weight and fasting glucose
were assessed at (h) 12 and (i) 24 weeks. WT, white bars; hIAPPTg/0, black
bars. Data represent means ± SEM of 7–11 mice per group. *p<0.05,
**p<0.01, ***p<0.001
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littermates. Indeed, other proinflammatory cytokines, as well
as the anti-inflammatory cytokines Il1rn and Il10, were down-
regulated, consistent with our previous observations in a mod-
el of early amyloid formation with high-fat feeding [8]. The
obese, insulin-resistant state caused by Avy expression in wild-
type mice on its own also had minimal effects on islet proin-
flammatory gene expression (Fig. 2). However, islets from
obese Avy-hIAPPTg/0 mice with extensive amyloid deposition
showed upregulation of 33 inflammation-related genes (ESM
Table 1; Fig. 2), including anti-inflammatory cytokines (such
as Il1rn, encoding IL-1Ra) that are often induced in parallel,
pointing to hIAPP aggregation as an inciting mechanism for
islet inflammation.

Because both Il1b and Il1rn were among the amyloid-
associated upregulated cytokines, we next assessed expression
of other IL-1-related genes. Islets from Avy-hIAPPTg/0 mice
expressed elevated Il1a, Il1b, Il1rn, Casp1 and Nlrp3 com-
pared with islets from Avy-WT littermates, while expression of
Il18, Il1r1, Il1rap and Pycard were unchanged (Fig. 3a). In
wild-type mice, Avy expression was associated with decreased
expression of the beta cell transcription factors Pdx1 andMafa
as well as the prohormone processing enzymes Pcsk1 and
Pcsk2, with no effect on Ins1 or Ins2 (Fig. 3b). Expression
of hIAPP in lean mice also caused downregulation of Pdx1,
Mafa and Pcsk1, while islets from Avy-hIAPPTg/0 vs Avy-WT
mice displayed significantly reduced expression of all beta
cell genes analysed (Fig. 3b). There was no change in expres-
sion of IL-1-related genes in livers from the same mice,
suggesting an islet-specific proinflammatory response
(Fig. 3c). Thus, Avy-hIAPPTg/0 mice show evidence of islet-
localised inflammation associated with amyloid deposi-
tion, reduced expression of key genes required for beta

cell function and hyperglycaemia relative to their
Avy-WT littermates.

IL-1Ra improves glucose tolerance in both lean a-hIAPPTg/0

and obese Avy-hIAPPTg/0 mice We next evaluated the effects
of IL-1R blockade on glucose homeostasis and islet inflam-
mation in hIAPPTg/0 mice. For these studies, we treated
16-week-old lean mice (a-hIAPPTg/0 and a-WT; Fig. 4a–d)
and obese mice (Avy-hIAPPTg/0 and Avy-WT; Fig. 4e–h) with
IL-1Ra (50 mg/kg/day s.c.) or PBS for 8 weeks. We chose
mice 16 weeks of age to begin IL-1Ra treatment because by
that age small amounts of islet amyloid associated with im-
paired glucose tolerance are detectable in both lean and obese
hIAPP transgenic mice. Thus, at the same age, lean and obese
littermates provide a model of early (lean) and later (obese)
stages in development of diabetes. IL-1Ra had no effect on
body weight or fasting glycaemia (Fig. 4a, b). IL-1Ra im-
proved glucose tolerance in hIAPPTg/0 but not wild-type mice,
with no detectable effect on insulin sensitivity (Fig. 4d, h). In
a-hIAPPTg/0 mice, there was a trend towards reduced fasting
plasma insulin compared with wild-type mice, which was
unaffected by IL-1Ra (Fig. 5b). However, hIAPP expression
increased proinsulin:insulin ratios (Fig. 5c), which were sig-
nificantly improved with IL-1Ra. There was no effect of
IL-1Ra on plasma hIAPP levels in the non-fasting state
(Fig. 5d). In Avy-hIAPPTg/0 mice, there was no significant
effect of IL-1Ra on fasting (Fig. 5e) or non-fasting (Fig. 5f)
plasma insulin. As in the lean mice, hIAPP expression in
obese animals was associated with an increased
proinsulin:insulin ratio, which was reduced with IL-1Ra
(Fig. 5g). Again, IL-1Ra had no effect on plasma hIAPP
(Fig. 5h). We were unable to detect changes in plasma insulin

Fig. 2 hIAPP-induced islet dysfunction and amyloid deposition in obese
Avy-expressing mice is associated with upregulation of islet proinflamma-
tory gene expression. Islets were isolated from 24-week-old male
hIAPPTg/0 or wild-type (WT) mice with or without agouti viable
yellow expression (Avy and a, respectively). Islets were lysed for
RNA purification 4 h following isolation. Gene expression was

evaluated by RT-qPCR array. Volcano plots for the indicated
comparisons (a–c) show the log2 fold change in gene expression
(x-axis, threshold=2) relative to the log10 p value (y-axis, thresh-
old=0.05). Expression was normalised to a panel of housekeeping
genes (Actb, Gapdh, Gusb, Hsp90ab1). Data represent the average
fold change of four mice per group
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levels at the 15 and 30min time points of the glucose tolerance
test (data not shown). Therefore, to determine the effect of
IL-1Ra on amyloid-induced beta cell dysfunction, we cultured
a-hIAPPTg/0 islets for 7 days at 16.7 mmol/l glucose, a model
known to result in extensive amyloid formation and loss of
insulin secretion. We chose this model of in vitro amyloid
formation rather than studying isolated islets following amy-
loid formation in vivo, because of the difficulty in isolating
amyloid-laden islets. IL-1Ra restored the impaired glucose-
stimulated insulin secretion in hIAPPTg/0 islets (Fig. 5i), with
no significant effect on insulin content (Fig. 5j). We also

measured KCl-stimulated insulin secretion, which—in
parallel with content—was decreased by approximately 50%
in hIAPPTg/0 islets (2.1±0.8 vs 1.1±0.2 ng/ml), consistent
with a defect downstream of glucose metabolism such as
exocytosis or insulin content of the releasable granule pool.
Interestingly, in contrast to the impaired glucose-stimulated
insulin secretion induced by hIAPP, the defective KCl-
stimulated insulin release was not corrected by IL-1Ra
treatment (1.1±0.2 vs 0.8±0.2 ng/islet), suggesting an
additional impact of hIAPP independent of IL-1-mediated
inflammation (e.g. beta cell loss due to direct toxicity of
hIAPP). In addition, IL-1Ra had no noticeable effects on islet
morphology in vivo (ESM Fig. 1a). hIAPP transgene expres-
sion was associated with decreased insulin-positive islet area
in both lean and obese mice, with no significant effect of IL-
1Ra (ESM Fig. 1b). Thus, IL-1Ra improves hIAPP-induced
glucose intolerance and beta cell dysfunction in the absence of
significant changes in islet morphology or insulin content.

IL-1Ra limits hIAPP-induced islet inflammation To determine
the effect of IL-1Ra on hIAPP-induced islet inflammation, we
evaluated cytokine expression in islets isolated from PBS- and
IL-1Ra-treated mice. Of note, islet yield was reduced by an
average of ~50% in mice with significant amyloid formation,
which may bias the population of isolated islets towards those
with less amyloid. Beta cell hIAPP expression caused modest
upregulation of both Il1a and Il1b (Fig. 6a, b) but not Tnf or
Ccl2 (Fig. 6c, d) in islets of a-hIAPPTg/0 mice, and significant
upregulation of all four cytokines in association with amyloid
deposition in islets of Avy-hIAPPTg/0 mice, an effect that was
blocked with IL-1Ra. Expression of the macrophage markers
Itgam (CD11b) and Emr1 (F4/80) was upregulated in both
a-hIAPPTg/0 and Avy-hIAPPTg/0 mice (Fig. 6e, f), consistent
with our previous observation of increased macrophage gly-
coprotein expression by macrophages in hIAPP-expressing
islets [8]. IL-1Ra did not prevent this upregulation, suggesting
that changes in proinflammatory gene expression are not due
to significant changes in the size of the islet macrophage
population. hIAPP expression also significantly decreased
expression of the beta cell genes Ins2, Pdx1 and Mafa in
PBS, but not in IL-1Ra-treated mice (ESM Fig. 2a). A previ-
ous study in db/db mice showed that IL-1Ra prevents cyto-
plasmic translocation of the transcription factor pancreatic and
duodenal homeobox factor 1 (PDX1) [19], while others have
observed loss of nuclear v-Maf musculoaponeurotic fibrosar-
coma oncogene homologue A (MAFA) in db/db mouse beta
cells with no change in PDX1 [20]. We did not detect a
significant decrease in nuclear PDX1 staining intensity with
hIAPP transgene expression. However, nuclear MAFA inten-
sity was markedly decreased in islet sections from both
a-hIAPPTg/0 and Avy-hIAPPTg/0 mice relative to wild-type
littermates (ESM Fig. 2b, c). IL-1Ra limited the hIAPP-
induced loss of nuclear MAFA in obese Avy-expressing mice,

Fig. 3 Amyloid-containing islets have elevated expression of IL-1 and
decreased expression of genes associated with beta cell function. Islets
and livers were isolated from 24-week-old male hIAPPTg/0 or wild-type
(WT) mice with or without agouti viable yellow expression (Avy and a,
respectively). (a) Islets were lysed for RNA purification 4 h following
isolation. Expression of IL-1 family genes and (b) beta cell genes was
assessed by RT-qPCR. (c) Livers were lysed immediately following
isolation. Expression of IL-1 family genes was assessed by RT-qPCR
and normalised to the housekeeping gene Rplp0. a-WT, white bars;
a-hIAPPTg/0, black bars; Avy-WT, light grey bars; Avy-hIAPPTg/0, dark
grey bars. Data represent means±SEM of four to six mice per group.
*p<0.05, **p<0.01, ***p<0.001 compared with WT islets with the
same agouti phenotype. ††p<0.01, †††p<0.001 comparison between
Avy-WT and a-WT mice
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Fig. 4 IL-1Ra improves glucose tolerance in both lean and obese hIAPP
transgenic mice. Sixteen-week-old male hIAPPTg/0 or wild-type (WT)mice
with a (a–d; lean) or Avy (e–h; obese) agouti allele expression were treated
s.c. with 50 mg/kg/day IL-1Ra for 8 weeks. (a, e) Body weight was
assessed at 24 weeks of age. PBS, white bars; IL-1Ra, black bars. (b, f)
Glucose tolerance was assessed by i.p. injection of 1 g/kg glucose and (c, g)

calculation of total area under the glycaemia curve. PBS-treated WT, white
circles; IL-1Ra-treated WT, black circles; PBS-treated hIAPPTg/0, white
squares; IL-1Ra-treated hIAPPTg/0, black squares. (d, h) Insulin sensitivity
was evaluated following i.p. injection of 1 U/kg insulin. Data represent
means ± SEM of four–six mice per group. *p<0.05, ***p<0.01

Fig. 5 IL-1Ra improves islet
function in hIAPP transgenic
islets. Sixteen-week-old male
hIAPPTg/0 or wild-type (WT)
mice with a (a–d; lean) or Avy

(e–h; obese) agouti allele
expression were treated s.c. with
50 mg/kg/day IL-1Ra for
8 weeks. (a, e) Fasting plasma
insulin, (b, f) non-fasting insulin,
(c, g) proinsulin:insulin and (d, h)
non-fasting hIAPP were
determined by ELISA. PBS,
white bars; IL-1Ra, black bars. (i)
Islets were isolated from 12–20-
week-old a-hIAPPTg/0 mice or
a-WT littermate controls. Islets
were cultured for 7 days at
16.7 mmol/l glucose to promote
amyloid formation, in the
presence or absence of IL-1Ra
(2 μg/ml). Glucose-stimulated
insulin secretion and (j) insulin
content were determined by
ELISA. PBS-treated WT islets,
open bars; IL-1Ra-treated WT
islets, black bars; PBS-treated
a-hIAPPTg/0 islets, light grey bars;
IL-1Ra-treated a-hIAPPTg/0 islets,
dark grey bars. Data represent
means±SEM of four to six mice
per group. *p<0.05, **p<0.01
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consistent with increased beta cell gene expression and im-
proved beta cell function.

IL-1Ra limits islet amyloid formation in lean a-hIAPPTg/0 but
not obese Avy-hIAPPTg/0 mice To determine whether IL-1Ra
treatment affected islet amyloid deposition, we stained pan-
creas sections from IL-1Ra- and PBS-treated hIAPPTg/0 mice
with thioflavin S (Fig. 7a). As expected, no thioflavin-S-
positive amyloid deposits were observed in wild-type mice.
IL-1Ra reduced amyloid prevalence (proportion of islets con-
taining amyloid; Fig. 7b) and severity (area occupied by am-
yloid; Fig. 7c) in a-hIAPPTg/0 but not obese Avy-hIAPPTg/0

mice. These data suggest that—at least early in disease
progression—IL-1Ra may limit IL-1-induced beta cell

dysfunction leading to amyloid formation. However, in mice
with more extensive amyloid deposits, IL-1Ra improved glu-
cose homeostasis and limited islet inflammation without af-
fecting amyloid deposition. To rule out possible peripheral
effects of IL-1Ra in the context of amyloid formation, we also
evaluated the effects of IL-1Ra on amyloid formation
and insulin secretion in cultured hIAPPTg/0 rat islets,
which develop islet amyloid after 7 days of culture with
22 mmol/l glucose [21]. IL-1Ra reduced amyloid sever-
ity by 50% (ESM Fig. 3a, b) and improved glucose-
stimulated insulin secretion in hIAPPTg/0 but not wild-
type islets, with no effect on insulin content in this
model (ESM Fig. 3c). Thus, IL-1Ra can act directly
on the islet to limit amyloid formation.

Fig. 6 IL-1Ra limits islet inflammation in hIAPP transgenic mice. Six-
teen-week-old male hIAPPTg/0 or wild-type (WT) mice with or without
expression of the agouti viable yellow allele (Avy and a, respectively) were
treated s.c. with 50 mg/kg/day IL-1Ra. Islets were isolated after 8 weeks
and lysed for RNA isolation after overnight recovery. Expression of

cytokines (a–d) andmacrophagemarkers (e, f) was assessed byRT-qPCR
and normalised to the housekeeping gene Rplp0. PBS, white bars;
IL-1Ra, black bars. Data represent means ± SEM of four to six mice
per group. *p<0.05, **p<0.01, ***p<0.001

Fig. 7 IL-1Ra limits early islet amyloid formation in hIAPP transgenic
mice. Sixteen-week-old male hIAPPTg/0 or wild-type (WT) mice with or
without expression of the agouti viable yellow allele (Avy and a, respec-
tively) were treated s.c. with 50 mg/kg/d IL-1Ra. (a) Formalin-fixed,
paraffin-embedded pancreas sections from hIAPPTg/0 mice were stained

for insulin (red), amyloid (thioflavin S, green) and nuclei (DAPI, blue) to
assess (b) amyloid prevalence and (c) amyloid severity. White arrow:
small amyloid deposit. Scale bars, 50 μm. PBS, white bars; IL-1Ra, black
bars. Data represent means±SEM of four to six mice per group.
**p<0.01
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Discussion

Chronic exposure to elevated IL-1 causes beta cell death and
dysfunction due to altered gene transcription, changes in
protein activity and induction of oxidative stress [22]. Data
from clinical studies suggest that anti-IL-1 agents can improve
beta cell function without affecting insulin sensitivity [12].
Recent work by us [8, 9] and others [10] demonstrated that
IAPP—the principal component of islet amyloid—induces
IL-1 synthesis and secretion by cultured macrophages. More-
over, islet macrophages are the major source of hIAPP-
induced IL-1β in islets, and islet macrophage depletion can
improve hIAPP-induced islet dysfunction (7). Given that
IAPP can deliver the two signals required for IL-1β secretion
[9, 10, 23] and that anti-IL-1 therapy can improve beta cell
function in patients with type 2 diabetes [12], here we asked
whether IL-1 mediates hIAPP-induced islet dysfunction
in vivo. We found that IL-1Ra markedly improved glycaemia
and islet inflammation in a mouse model of islet amyloid
formation and type 2 diabetes.

Most strains of hIAPPTg/0 mice develop extracellular islet
amyloid resembling that found in humans under conditions that
promote beta cell dysfunction, including ex vivo culture [9, 24,
25], high-fat diet [26] or obesity due to expression of the Avy

allele [13]. A previous study showed that Avy-hIAPPTg/0 mice
develop slow-onset diabetes associated with extracellular am-
yloid deposits, decreased plasma insulin and pancreatic insulin
content, and decreased beta cell mass by 41–52 weeks of age
[13]. We found that impaired glucose tolerance is present in
Avy-hIAPPTg/0mice at 12weeks of age in association with small
extracellular flecks of amyloid and becomes more pronounced
by 24 weeks of age, together with increased amyloid severity.
Although we did not detect changes in plasma insulin levels
associated with impaired glucose tolerance at the 15 and
30 min time points sampled during the IPGTT, we did observe
impaired glucose-stimulated insulin secretion in islets isolated
from a-hIAPPTg/0 mice compared with those from their non-
transgenic littermates, suggesting the presence of beta cell
dysfunction associated with amyloid formation. Extensive am-
yloid deposition and hyperglycaemia in Avy-hIAPPTg/0 mice
was associated with increased islet expression of a number of
proinflammatory cytokines and chemokines that were not
upregulated in a-hIAPPTg/0 mice with low amyloid severity
and normoglycaemia, in keeping with a critical role for hIAPP
aggregation in islet inflammation. As the islet yield from mice
with more severe amyloid deposition was limited, the actual
differences in gene expression between amyloid-free and
amyloid-laden islets may be greater than those measured.
These data are consistent with a recent study demonstrating
increased expression of proinflammatory cytokines,
inflammasome components and macrophage markers in the
islets of hIAPPTg/0 mice fed a high-fat diet [27]. Lean hIAPP-
expressing mice with few detectable thioflavin-S-positive

amyloid deposits may have insufficient fibrillar IAPP to induce
maximal NLRP3 activation and IL-1β secretion by islet mac-
rophages, thus limiting autocrine/paracrine induction of other
proinflammatory mediators in the early stages of disease.
Nonetheless, a-hIAPPTg/0 mice still had elevated proinsulin/
insulin ratios compared with lean non-transgenic mice, and this
impairment in proinsulin processing was corrected by IL-1Ra
treatment, supporting the notion that pre-fibrillar hIAPP aggre-
gates are sufficient to induce an IL-1-dependent defect in beta
cell function.

While it is possible that hyperglycaemia rather than islet
amyloid is the major driver of islet proinflammatory gene
expression in this model, several lines of evidence point to a
specific and more important role for hIAPP-induced islet
inflammation. First, hIAPP transgene expression was not as-
sociated with the same proinflammatory response in liver, a
tissue with a high content of macrophages that respond to
systemic stimuli. Second, both synthetic and endogenous
hIAPP induce Il1b expression in isolated islets [8] under the
same culture conditions as rodent IAPP-treated or wild-type
islets. Third, IL-1Ra improved the function of hIAPPTg/0 but
not wild-type rodent islets in high-glucose culture. Finally, Avy

expression alone (i.e. inAvy-WTmice) was not associatedwith
elevated expression of IL-1-related genes in islets or liver
despite impaired glucose tolerance relative to a-WT mice.
However, we cannot exclude the possibility that amyloid-
associated proinflammatory gene expression is in part due to
liberation of danger signals produced by beta cells damaged
by hIAPP.

It may be difficult to uncouple the toxic and proinflamma-
tory effects of hIAPP given that pre-fibrillar oligomers are
critical participants in both hIAPP-induced beta cell death and
proinflammatory cytokine synthesis. Whether fibrillar species
are entirely inert is controversial [28], and studies of other
amyloidogenic peptides suggest that amyloid fibrils activate
NLRP3 [29, 30]. Moreover, we have now found protective
effects of IL-1Ra inmultiple models in which it does not affect
insulin-positive beta cell area, including: NOD/SCID (non-
obese diabetic/severe combined immunodeficiency) recipi-
ents of hIAPP-expressing islet transplants [9]; both the
a-hIAPPTg/0 and Avy-hIAPPTg/0 mice in the present study;
and cultured hIAPPTg/0 rodent islets. Changes in the ratio of
proinsulin:insulin provide further evidence for hIAPP-
induced islet dysfunction independent of beta cell death. The
marked decrease in nuclear MAFA localisation, which was
partially rescued by IL-1Ra, suggests that this transcription
factor—which is a critical regulator of genes important for
normal beta cell function [31]—is a sensitive indicator of beta
cell dysfunction in the setting of amyloid formation. Beta cell
expression of MAFA is downregulated in response to IL-1
[32], but may also be downregulated in response to effects of
hIAPP that are not IL-1-dependent, such as oxidative stress.
We also cannot rule out an effect of IL-1Ra on the expression
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and localisation of other beta cell transcription factors. Further
studies are required to understand the key transcriptional
mediators of hIAPP-induced beta cell dysfunction.

We propose two mechanisms by which IL-1Ra may im-
prove hIAPP-induced islet dysfunction. First, IL-1Ra may
suppress IL-1-induced amplification of the inflammatory re-
sponse to hIAPP as well as the direct deleterious effect of IL-1
on beta cell function [6, 33–35]. Indeed, treatment with
IL-1Ra suppressed upregulation of hIAPP-induced islet Il1a,
Il1b and Tnf, suggesting that IL-1Ra indeed acts on macro-
phages, the major source of these hIAPP-induced cytokines
[8]. Signalling via the IL-1R can be induced not only by IL-1β
but also by IL-1α and IL-18 [36]. Although we did not
observe upregulation of IL-18 expression in Avy-hIAPPTg/0

islets, the relative contributions of IL-1α and IL-1β to
IL-1R-mediated islet inflammation requires further study.
Given current clinical trials under way using anti-IL-1α and
anti-IL-1β monoclonal antibodies, this distinction may be
clinically relevant [37]. In any case, the dramatic effects of
hIAPP aggregation on the islet inflammatory milieu suggest
that the more commonly used rodent models of obesity and
type 2 diabetes that do not express hIAPP may lack a central
trigger for islet inflammation that contributes to beta cell
dysfunction. These models may therefore be inadequate for
the evaluation of anti-inflammatory therapies, and arguably
for any type 2 diabetes therapy.

Improving beta cell function by blocking beta cell IL-1R
(or reducing the amount of IL-1 present) may also reduce the
formation of proinflammatory IAPP aggregates. Consistent
with this hypothesis, IL-1Ra limited amyloid formation in
a-hIAPPTg/0 mice and cultured hIAPPTg/0 rat islets. The effect
of IL-1Ra to decrease amyloid formation could not be attrib-
uted to an inhibition of hIAPP production, since although
plasma hIAPP levels were higher in obese compared with
lean hIAPPTg/0 mice, IL-1Ra administration had no effect on
plasma hIAPP levels in either lean or obese mice. Since
impaired proIAPP processing may promote islet amyloid
formation [38], it is possible that IL-1-induced beta cell dys-
function alters the processing of proIAPP leading to increased
amyloid. Indeed, IL-1β and TNF-α impair proinsulin process-
ing [39], which occurs via a similar pathway as for proIAPP
[40–42]. No effect of IL-1Ra on amyloid deposition in
Avy-hIAPPTg/0 mice was detected, despite improved glucose
tolerance, suggesting either a reduction in pre-fibrillar hIAPP
aggregates not detected with thioflavin S or protective effects
on the beta cell despite the persistence of the initiating stim-
ulus. In this more advanced stage of hIAPP deposition,
IL-1Ra may be unable to prevent additional amyloid forma-
tion given the presence of extensive deposits that act as seeds
for further aggregation. In less severe disease, for example in
lean a-hIAPPTg/0 mice or in Avy-hIAPPTg/0 mice younger than
16 weeks of age, improved beta cell function in response to
IL-1Ra may limit amyloid formation. This interpretation of

our data would support a model in which cytokine production
begets amyloid formation (which, in turn, leads to further
inflammation) in a feed-forward cycle. This model further
points to the importance of amyloid and islet inflammation
as therapeutic targets in type 2 diabetes.

While in vitro evidence suggests that interaction of hIAPP
with macrophages induces release of cytokines such as IL-1β
that at high local concentrations are known to cause beta cell
dysfunction [10, 23], it is likely that IL-1 also plays an
important physiological role in regulating islet homeostasis.
For example, low concentrations of IL-1β promote beta cell
proliferation, and IL-1β knockout mice have impaired glu-
cose tolerance and decreased islet Pdx1 expression [43]. That
IL-1Ra did not alter glucose tolerance in wild-type mice
suggests that blockade of this pathway under physiological
conditions provides no benefit but also does not cause harm.
Moreover, insulin sensitivity was not significantly improved
by IL-1Ra, pointing to a specific role for IL-1 in islet pathol-
ogy. Somewhat surprisingly, insulin sensitivity was already
enhanced in obese hIAPPTg/0 mice compared with their non-
transgenic counterparts. This finding suggests that hIAPP
overexpression in obese mice might directly impact insulin
sensitivity by an unknown mechanism, although earlier stud-
ies have suggested that supraphysiological levels of IAPP
decrease, rather than increase, insulin sensitivity [44]. It
should also be noted that IL-1Ra treatment caused a trend
towards reduced plasma insulin levels in lean wild-type mice.
Although previous studies have demonstrated an effect of
IL-1Ra on insulin sensitivity in other rodent models [35,
45], there was no effect of IL-1Ra on insulin sensitivity in
this model as determined by an insulin tolerance test. The
lower fasting insulin levels and increased proinsulin:insulin
ratios observed in IL-1Ra-treated wild-type mice may have
resulted from inhibition of beneficial effects of IL-1 on the
beta cell, since physiological levels of IL-1 are thought to be
important for normal beta cell function [43].

Collectively, these findings provide a mechanistic link
between two important islet pathologies in type 2 diabetes,
amyloid and inflammation. They provide the first in vivo
evidence of a hIAPP-induced, IL-1-mediated islet
autoinflammatory process in a mouse model of type 2 diabetes
and suggest that hIAPP-induced beta cell dysfunction can be
improved even in the presence of widespread amyloid
deposition. While no current therapies are available that
specifically target islet amyloid formation, anti-NLRP3,
caspase-1 or IL-1 agents may provide an alternative
approach for protecting the beta cell against hIAPP-
induced dysfunction.
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