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ABSTRACT

Inflammation in brain and pancreas is linked to cell degeneration and pathogenesis of both Alzheimer's-
disease (AD) and type 2-diabetes. Inflammatory cascades in both tissues are triggered by the uptake of
-amyloid-peptide (AP) or islet-amyloid-polypeptide (IAPP) aggregates by microglial-cells (AD) or
macrophages (T2D) and their insufficient lysosomal degradation. This results in lysosomal damage,
caspase-1/NLRP3-inflammasome activation and release of interleukin-13 (IL-1B), a key pro-
inflammatory cytokine in both diseases. Here we show that the inflammatory processes mediated by A
and IAPP aggregates in microglial cells and macrophages are blocked by IAPP-GI, a non-amyloidogenic
IAPP mimic, which forms high-affinity soluble and non-fibrillar hetero-oligomers with both
polypeptides. In contrast to fibrillar AB aggregates, non-fibrillar AB/IAPP-GI or AB/IAPP hetero-
oligomers become rapidly internalized by microglial cells and targeted to lysosomes where A is fully
degraded. Internalization occurs via |APP receptor-mediated endocytosis. Moreover, in contrast to IAPP
aggregates, IAPP/IAPP-GI hetero-oligomers become rapidly internalized and degraded in the lysosomal
compartments of macrophages. Our findings uncover a previously unknown function for the IAPP/AB
cross-amyloid interaction and suggest that conversion of A or IAPP into lysosome-targeted and easily
degradable hetero-oligomers by hetero-association with IAPP mimics could become a promising

approach to specifically prevent amyloid-mediated inflammation in AD, T2D or both diseases.



INTRODUCTION

Inflammatory processes in brain or pancreas play a central role in cell degeneration and in the onset and
pathogenesis of Alzheimer’s disease (AD) and type 2 diabetes mellitus (T2D)*. In fact, in AD it is
becoming increasingly clear that inflammation and immune system-mediated actions, in particular those
associated with innate immune pathways are main causative contributors to the neurodegenerative
process, with microglia, the resident macrophage and a local innate immune cell of the brain, and
inflammatory cytokines taking center stage®’. Accordingly, a crucial event in brain inflammation in AD
is the persistent activation of microglial cells by extracellular amyloid deposits, which mainly consist of
fibrillar aggregates of the 40- to 42-residue B-amyloid peptide (AB40(42))%L. Microglial cells then
secrete inflammatory and neurotoxic factors, which induce a self-perpetuating, vicious cycle of aberrant
inflammatory responses and neurotoxicity? * 1%, A key inflammatory cytokine driving this cycle that is
released by activated microglial cells in response to AB-amyloid is interleukin-1p (IL-1B)*8. High IL1-
B expression is found in microglial cells around amyloid plaques of AD patients and in AD disease-
related animal models and increased levels of IL-1f have been detected in the cerebrospinal fluids (CSF)
of AD patients'>®5, Production of active IL-1B involves processing by caspase-1 that is activated by
inflammasomes such as the NLRP3 (NOD-like receptor family, pyrin domain-containing 3) inflam-
masome, a multi-protein complex that senses danger-associated molecular patterns (DAMPs)¢. NLRP3
is a key guard of innate immunity and a major regulator of IL-1f and has been implicated in chronic
inflammatory diseases'®. Golenbock et al. showed that fibrillar AB42 aggregates represent a crucial
inflammasome-activating class of DAMPs!’. Exposure of microglial cells to AB42 aggregates activated
NLRP3 leading to IL-1p secretion'’. While the precise mechanism of AB aggregation and its link to
cellular uptake is not entirely clear, it has been suggested that formation of B-sheet-rich aggregates is a
prerequisite for AP42 uptake and cytotoxicity®®. Thus, endocytosis or phagocytosis of AB42 aggregates
by microglia likely causes lysosomal dysfunction and cathepsin B release into the cytosol, resulting in
NLRP3/caspase-1 activation’. Importantly, the crucial role of the NLRP3 inflammasome in AD

pathology has also been demonstrated in an in vivo mouse models of AD*5 1920,



In T2D, amyloid plaques consisting of fibrillar aggregates of islet-amyloid polypeptide (IAPP) are
present in the pancreas of >95% of patients?'. IAPP is a 37-residue peptide hormone synthesized and
secreted from pancreatic B-cells together with insulin? 22, In its soluble form, IAPP monomers act as a
regulator of glucose homeostasis via binding to neuronal receptors mainly located in the central nervous
system?l: 2% 24 |APP aggregates, however, activate NLRP3 and caspase-1, likely via lysosomal
perturbation, to trigger IL-1p release from macrophages which infiltrate pancreatic islets and adipose
tissue, thus affecting insulin function and inducing inflammation and apoptotic B-cell death®>?%’. In
addition, increased IL-1p levels have been found in pancreatic islets of mice transgenic for human IAPP
where they colocalize with IAPP amyloid and infiltrated pancreatic macrophages, suggesting a direct
link between IAPP-mediated NLRP3 inflammasome activation and T2D pathology? 2"+ %,

Thus, Ap and IAPP aggregates are key players in microglia- or macrophage-mediated inflammatory
processes underlying cell degeneration in both AD and T2D by activation of the caspase 1/NLRP-3
axis?® 2°, Emerging epidemiological, pathophysiological, and molecular evidence suggests that beyond
their inflammation link, AD and T2D share other common features as well*°. For instance, AD patients
have a strongly increased risk for T2D and vice versa, while amyloid deposits of both Ap and IAPP are
present in brain and pancreas of both AD and T2D patients*>3. Compounds targeting protein
aggregation and related inflammatory cascades in both diseases could thus lead to novel therapeutic
concepts targeting the pathogenesis of both diseases?: 2% 3334,

The sequences of AB and IAPP share 50% similarity and 25% identity and, importantly, the two
polypeptides are able to cross-interact® . In particular, AB fibrils have been shown to accelerate IAPP
amyloidogenesis, whereas high-affinity interactions between non-fibrillar Ap and IAPP species result
in soluble, non-fibrillar AB/IAPP hetero-oligomers, which lead to suppression of amyloid self-assembly
of both polypeptides®=’. Of note,, the non-amyloidogenic IAPP analog [(N-Me)G24, (N-Me)126]-1APP
(IAPP-GI) and related IAPP mimics are potent inhibitors of cytotoxic self-assembly of both AB40(42)
and IAPP3: 3740 In fact, IAPP-GI binds prefibrillar IAPP or AB40(42) species with high affinity and
sequesters them from their cytotoxic self-assembly pathways in form of soluble, non-fibrillar and non-

cytotoxic hetero-oligomers®: 373,



Against this background, we hypothesized that IAPP mimics such as IAPP-GI could represent a
novel compound class targeting protein aggregation and inflammatory cascades in AD and T2D. To test
this hypothesis, we probed the effect of IAPP-GI in amyloid-triggered microglial and macrophage
activation, studying its effect on uptake, inflammasome activation, myeloid cell amyloid load, and
lysosomal integrity. We also asked whether microglial cells express IAPP receptors and how they

contribute to IAPP-GI-mediated inflammasome attenuation.



RESULTS AND DISCUSSION

The cross-amyloid inhibitor IAPP-GI prevents AB and IAPP aggregate-induced NLRP3
inflammasome activation in microglial cells and macrophages. We studied whether IAPP-GI is able
to interfere with the inflammatory cascades mediated by Ap40, AB42 and IAPP aggregates in mouse
BV-2 microglial cells, immortalized peritoneal macrophages, and bone marrow-derived macrophages
(BMDMes).

We first asked whether fibrillar aggregates of Ap40 induce IL-1p release in an NLRP3-dependent
manner from BV-2 microglia in a similar manner as reported for Ap42 aggregates’. The BV-2
microglial cell line is derived from C57/BL6 mice and widely used, as it is a suitable substitute for
primary microglial cells** #2; in addition, it has previously been applied for studying the effects of
AB42t" 43, BV-2 cells were primed with LPS, representing a surrogate signal 1 for sterile inflammasome
priming, and incubated with aged fibrillar AB40 (called herein: fibrillar AB40, fAB40 or aged AB40),
verified to be of fibrillar nature by ThT binding assay'” *. Inflammasome activation was assessed by
quantifying caspase-1 activity in cell lysates using the cell-permeable probe FAM-YVAD-fmk (FLICA)
and confirmed by detection of auto-proteolytic production of caspase-1 fragment p10 by Western blot!’.
In fact, aged AB40 strongly activated caspase-1 as indicated by comparison with LPS priming alone or
LPS followed by ATP stimulation, a known second hit trigger of NLRP3 (Figure 1A, Supplementary
Figures S1 and S2). As expected, a solution containing freshly dissolved AB40 and consisting mainly
of non-fibrillar AB40 species as confirmed by ThT binding did not activate caspase-1 (Supplementary
Figure S3 and data not shown)*" %,

Next, the effect of IAPP-GI on AB40-mediated caspase-1 activation as measured by FLICA assay
was determined following incubation of the BV-2 cells with an aged mixture of AB40 with IAPP-GI
(1/1), a ratio that had previously been demonstrated to convey complete inhibition of AR or TAPP
fibrillogenesis® % and that was used here and for all subsequent inhibition experiments in our study.
The stimulatory effect that Ap40 aggregates have on caspase-1 activity was abrogated when AB40 aging
was performed in the presence of IAPP-GI (Figure 1A, Supplementary Figure S2). Of note, AB40
amyloid self-assembly also was blocked in the presence of IAPP-GI as previously reported

(Supplementary Figure S3B)*.



Aged AB40 preparations also significantly activated caspase-1 in the absence of LPS priming and
IAPP-GI was able to fully inhibit this effect (Figure 1B). A priming step by classical NFkB-activating
triggers such LPS or TNF-a is typically required for transcription of the IL-1p precursor protein and to
some extent, especially when protein concentrations are limiting, for induction of the NLPR3 protein
subunits, while the caspase-1 activity per se does not require a signal 1-based priming step. We assume
that BV-2 microglial cells express non-limiting concentrations of NLRP3 at baseline; moreover, AP has
been suggested to exhibit DAMP-like activities via the CD14/TLR axis (e.g.**). Of note, these
experiments confirmed a similar effect for fibrillar AB42, corroborating the earlier studies by Halle et
al.’, and showed that IAPP-GI (1/1) coincubation during the fibrillation process fully blocked caspase
1 activation by either AB40 or AB42 (Figure 1B). The observed caspase-1-activating activity of Ap40
was somewhat higher than that of AP42, an effect likely due to the fact that the experimental
aggregation/fibrillation conditions applied in our study were mainly optimized for AB40%.

To verify the direct link of the above effects to NLRP3 activity, aged AB40 versus the mixture of
aged AB40 with TAPP-GI (1/1) was applied to immortalized peritoneal macrophages (PMs) derived from
wild-type (WT) or Nirp3-deficient mice and caspase-1 activation was measured by FLICA assay?’. A
complete lack of caspase-1 activity in the Nlrp3~~ macrophages was observed, suggesting that AB40(42)
aggregate-mediated caspase-1 activation in macrophages that is blocked in the presence of IAPP-GI
depends on the presence of NLRP3 (Figure 1C).

Importantly, the observed effects on caspase-1 activation were accompanied by a corresponding
regulation of IL-1pB production. Stimulation of LPS-primed BV-2 microglial cells with aged fibrillar
AP40 resulted in substantially enhanced IL-1f release up to 500 pg/ml as shown by ELISA-based IL-
1B quantification in the supernatants. In comparison, when BV-2 cells were treated with Ap40 co-aged
in the presence of IAPP-GI (1/1), the increase in IL-1p levels was significantly suppressed (Figure 1D).
AB40-triggered IL-1p release was even more pronounced in immortalized PMs isolated from wildtype
mice (PM-WT). As in microglial cells, this effect was significantly attenuated when AB40 was aged in
the presence of IAPP-GI and comparative analysis in NIrp3~- PMs confirmed the dependence on NLRP3

activation (Figure 1D).



Because IAPP aggregates (termed herein: fibrillar IAPP, fIAPP, or aged IAPP) also have been shown
to trigger IL-1pB secretion from microglial cells and to activate the NLRP3 inflammasome to produce
mature IL-1p in LPS-primed bone marrow-derived macrophages (BMDMs) and dendritic cells, we
asked whether IAPP may activate caspase-1 in BV-2 cells and whether this effect can be blocked by
IAPP-GI?" %, Aged IAPP solutions mainly consisting of fibrillar IAPP assemblies but not aged mixtures
of IAPP co-incubated with IAPP-GI (1/1) activated caspase-1 in BV-2 cells as determined by FLICA
assay and caspase-1 pl0 processing and triggered IL-1B release from BV-2 cells (Figure 1A,
Supplementary Figure S2, and Figure 1D). The inhibitory effect of IAPP-GI on IAPP fibrillogenesis
was confirmed by the ThT binding assay (Supplementary Figure S4A).

Although lower in magnitude, similar caspase-1 effects were seen in unprimed BV-2 cells (Figure
1B). Furthermore, aged fibrillar IAPP was applied to immortalized peritoneal macrophages derived from
WT or Nlrp3-deficient mice and its effect compared with that of aged IAPP/IAPP-GI mixtures. IAPP
but not IAPP/IAPP-GI mixtures activated caspase-1 and triggered IL-1f release in WT cells, whereas
caspase-1 activation and IL-1pB secretion was ablated in NIrp3”~ macrophages, confirming NLRP3
dependence (Figure 1C and D). To further confirm the inhibitory effect of IAPP-GI on IAPP amyloid-
induced NLRP3 activation, primary BMDMs following differentiation with macrophage colony-
stimulating factor (M-CSF) were studied (for macrophage phenotype verification see Supplementary
Figure S4B). IAPP also caused a significant activation of caspase-1 in these cells, whereas in the
presence of IAPP-GI, activation of caspase-1 by fibrillar IAPP was abrogated (Figure 1E). These results
provided evidence that IAPP aggregate-mediated caspase-1 activation in microglial cells and

macrophages was potently blocked by IAPP-GI and depended on NLRP3 activity.

IAPP-GI (and native 1APP) suppresses Ap-mediated lysosomal leakage and colocalizes with A in
lysosomal compartments. The inability of lysosomes to efficiently degrade AB amyloid aggregates
following endocytosis/phagocytosis has been shown to underlie inflammasome activation by AP in
immortalized primary microglial cells!” %6, involving lysosomal dysfunction, cytosolic exposure of
cathepsin B, NLRP3 activation, and IL-1B release!’. Of note, lysosomal dysfunction is linked to various

features of AD pathogenesis*”#’. To investigate whether the inhibitory effect of IAPP-GI on ApB-induced



activation of caspase-1 and IL-1p release would involve suppression of AB-mediated lysosomal leakage,
we measured intracellular cathepsin B activity in BV-2 cells using a fluorescent, cell-permeable
cathepsin B substrate!’. In fact, significantly enhanced cathepsin B activity was only detected in cells
treated with aged, fibrillar, Ap40 alone, but not in those cell incubations treated with vehicle or Ap40/-
IAPP-GI mixtures (Figure 2A). Lysosomal cathepsin B leakage was confirmed by Western blot of
cathepsin B protein levels in isolated LAMP-1+ lysosomal fractions from BV-2 cells which revealed
strongly reduced amounts of cathepsin B in lysosomal fractions of cells treated with aged fibrillar AB40
as compared to fractions from control cells or cells treated with AB40/IAPP-GI mixtures (Figure 2B
and 2C). These results suggested that inhibition of NLRP3/caspase-1 activation by IAPP-GI correlates
with a suppression of A aggregate-mediated lysosomal leakage.

Two mechanisms could account for the observed strong inhibitory effect of IAPP-GI on AB-mediated
lysosomal damage and caspase-1 activation: (i) nonfibrillar AB/IAPP-GI hetero-oligomers become
internalized by microglial cells and targeted to lysosomes where they are more efficiently degraded than
the aggregates of AP or (ii) nonfibrillar AB/IAPP-GI hetero-oligomers do not enter microglial cells but
their formation sequesters AP from its self-assembly pathway, reducing the amount of AP that is
subjected to phagocytosis/uptake.

To address the two scenarios, we first investigated whether AB40/IAPP-GI hetero-oligomers become
internalized and targeted to lysosomes of BV-2 cells. Cells were incubated (16 h) with synthetic N*-
amino-terminal fluorescently labeled peptides (Fluos-Ap40, Rhodamin-Ap40, or Fluos-1APP-GI) or 1/1
mixtures thereof and internalization and lysosomal accumulation were studied by confocal laser-
scanning microscopy, using LysoTracker Red to co-stain for lysosomes/late endosomes (Figure 3)
Confirming prior findings®’ “¢, we noted strong lysosomal targeting of Fluos-Ap40 alone (Figure 3A).
Interestingly, Fluos-IAPP-GI alone was also internalized and targeted to lysosomal compartments
(Figure 3B). Importantly, lysosomal targeting of Fluos-Ap40 was also observed when a 1/1 mixture
with unlabeled IAPP-GI was added to the cells (Figure 3C). This experiment also was in line with the
notion that most, if not all, complexes taken up intracellularly, colocalized with lysosomal
compartments. Moreover, incubating BV-2 cells with a mixture of both peptides in their labeled forms,

i.e. Rhodamin-Ap40 and Fluos-IAPP-GI, clearly verified the lysosomal co-localization of both peptides,
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confirming co-trafficking of AP40/IAPP-GI complexes (Figure 3D). As the apparent Kq of the
AP40/IAPP-GI interaction in vitro has been shown to be ~48nM, most of the AB40 or IAPP-GI
molecules in the mixture (200 nM each) should be present within hetero-oligomers®. To further confirm
and quantify these findings, aged fibrillar Ap40, Ap40/IAPP-GI mixtures (1/1), or IAPP-GI alone were
incubated with BV-2 cells, lysosomes isolated after 0, 2 and 16 h, and lysosomal AB40 quantified by
Western blot. Lysosomes at 0 h did not contain any detectable AB40, whereas large amounts of AB40
were found at 2 and 16 h, when cells were incubated with ApB40-alone aggregates (Figure 3E). These
results were consistent with established lysosomal targeting kinetics and the previously suggested slow
and incomplete degradation process of fibrillar AB40 aggregates” % 46 48 Importantly, only small
quantities of Ap40 were detected in lysosomes of cells treated with AB40/IAPP-GI mixtures consistent
with a nearly complete disappearance of AB40 in the context of AB40/IAPP-GI complexes (Figure 3E).
In addition, detection with an anti-IAPP antibody confirmed that IAPP-GI was co-targeted to the
lysosomes (Figure 3E). As expected, non-aged (non-fibrillar) AB40 became rapidly degraded in the
lysosomes and did not cause caspase-1 activation (Supplementary Figure S5). The ability of
lysosomal enzymes to degrade AB40 in the context of AB40/IAPP-GI hetero-oligomeric complexes was
further supported by Western blot and MALDI-mass spectrometry analysis of their in vitro incubations
with BV-2 lysosomal extracts or purified cathepsin B (Supplementary Figure S6). In aggregate and
together with the cathepsin B leakage data of Figure 2, these results suggest that AB40/IAPP-GI
complexes are efficiently targeted to the lysosomal compartment, where AB40 is rapidly degraded. They
also indicate that it is unlikely that appreciable portions of the complexes are released from the lysosomal
compartment.

Next, IAPP-GI was added to an already aged fibrillar AB40 solution (1/1) and following incubation
with BV-2 cells, lysosomal contents were analyzed for AB40 by Western blot analysis. Similar AB40
contents were found in the lysosomal extracts of cells treated with fibrillar AB40 alone or the mixture
(Figure 4A). These results support the suggestion that interaction of IAPP-GI with nonfibrillar Af
species is required for the above-observed uptake effect and/or efficient lysosomal degradation of Ap.
In addition, probing the lysosomal degradation rate of aged mixtures of AB40 with glucagon (1/1)

confirmed that a sequence-specific interaction underlies the enhanced uptake and lysosomal degradation
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of AP in the presence of IAPP-GI (Figure 4B). Moreover, the effects of two well-known inhibitors of
AP aggregation, the pentapeptide LPFFD and epigallocatechin gallate (EGCG), were studied*® 0, Of
note, AP40 aggregate-triggered caspase-1 activation was not significantly reduced in mixtures of Ap40
with LPFFD or EGCG (Supplementary Figure S7; p=NS and p=0.06 versus AB40 aggregate-alone).
Moreover, no reduction in lysosomal AB40 content was observed in cells treated with EGCG/AB40 or
LPFFD/AB40 mixtures as compared to fibrillar AB40 aggregates alone (Figure 4C and D). By contrast,
in lysosomes of cells treated with EGCG/AB40 mixtures, large amounts of AB40-containing assemblies
were found consistent with formation of EGCG/AB40 hetero-assemblies as previously reported (Figure
4D)%. In aggregate, these results suggested that the inhibitory effect of IAPP-GI on AB amyloid self-
assembly is not the main reason for the low amount of Ap aggregates found in lysosomes of microglial
cells treated with AB40/IAPP-GI mixtures.

To further dissect the effects of IAPP-GI related to its inhibitory effect on Ap aggregation from the
other possible mechanisms, we next studied the effect of mixtures of AB40 with rat IAPP (rIAPP) on
lysosomal degradation of AB40 and on AB40-mediated caspase-1 activation. rIAPP, a natively occurring
soluble and non-amyloidogenic analog of IAPP which differs from IAPP in 6 out of 37 residues, is a
weak inhibitor of AB40 self-assembly although it binds AB40 with high affinity (data not shown and®).
On the other hand, rlIAPP is the most potent natively occurring human IAPP receptor agonist®® °2,
Importantly, substantially reduced amounts of AB40 were found in the lysosomes of cells treated with
aged AB40/rIAPP (1/1) mixtures as compared to aged Ap40 alone and caspase-1 activity was completely
suppressed (Figure 4E, F). These results supported the hypothesis that microglial uptake and
degradation of hetero-assemblies of Ap with IAPP-GI or rlIAPP account for the inhibitory effects of the
two IAPP analogs on AB-mediated caspase-1 activation.

The above results and the fact that IAPP-GI is a mimic of a non-amyloidogenic IAPP conformer,
prompted us to study the effects of non-fibrillar IAPP on AB40-mediated caspase-1 activation and Ap40
degradation as well. Importantly, no caspase-1 activation was found in BV-2 cells treated with aged
APB40/TAPP (1/1) mixtures whereas aged solutions of AB40 or IAPP alone strongly activated caspase-1
(Figure 4G). Moreover, dramatically reduced concentrations of lysosomal AB40 and IAPP were found

in cells treated with aged AB40/IAPP (1/1) mixtures as compared to cells treated with aged fibrillar
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solutions of each of the peptides alone (Figure 4H). These results supported the suggestion that,
similarly to AB/IAPP-GI hetero-oligomers, non-fibrillar AB/IAPP hetero-oligomers are targeted to
lysosomes, where both components are efficiently degraded, thus preventing lysosomal damage and

inflammasome activation.

AB/TAPP-GI hetero-oligomers bind to a microglial IAPP receptor and are internalized by
receptor-mediated endocytosis. To understand the uptake mechanism of AB/IAPP-GI (or AB/IAPP)
hetero-oligomers, we quantified extracellular AB40 in supernatants of BV-2 cells treated with aged
AP40 versus aged AP40/TAPP-GI (1/1) mixtures at time points of 2 min and 16 h, i.e. very early and
late time points of the uptake process (see Figure 3). Intriguingly, AB40 in the context of AB40/1APP-
Gl hetero-assemblies, nearly quantitatively disappeared from the cell supernatant as early as 2 min after
addition of the mixture to the cells (Figure 5A). By contrast, substantial amounts of A40 were present
in the extracellular space at this time point in the incubations of aged AP40 alone (difference in
internalization rate: 6-fold). This difference leveled off after 16 h, suggesting that uptake of fibrillar
AP40 aggregates by microglial cells occurs slower than uptake of AB40/IAPP-GI hetero-oligomers
(Figure 5B). These findings argued for rapid, receptor-mediated, endocytosis of the AB/IAPP-GI hetero-
assemblies. To substantiate this notion, we inhibited the clathrin-mediated endocytosis (CME) pathway
by applying a combination of the inhibitors monodansylcadaverine (MDC) and Dynasore and examined
the early phase (2-60 min) of AB40 uptake in the context of its hetero-assembly with IAPP-GI versus
aged AP40 alone. Monodansylcadaverine specifically inhibits CME, while Dynasore, an inhibitor of
dynamin-driven vesicle formation processes, not only blocks CME, but also other dynamin-dependent
uptake processes including caveolin-dependent and -independent pathways®® 5. AB40 levels in the cell
lysates were quantified and the result showed that the endocytosis inhibitors significantly reduced uptake
of AB40 at the 60 min time point, when AB40 was applied as hetero-oligomer with IAPP-GI, but not
when aged AP40 alone was applied (Figure 5C and Supplementary Figure S8). The experiments
suggested that microglial uptake of IAPP-GI/AB40 hetero-oligomers appeared to occur by receptor-

mediated endocytosis and we next tested this notion further.
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Due to their multiple roles in homeostasis and inflammation, microglial cells express a diverse range of
cell membrane receptors including PRRs and receptors for cytokines, neurotransmitters, and
neuropeptide hormones®. We asked whether the BV-2 microglial cells also express a functional receptor
for IAPP. IAPP receptors are heterodimeric receptors present in various brain regions and consist of a
calcitonin receptor (CTR) chain and one of three different receptor activity-modifying proteins
(RAMPs) resulting in IAPP receptors AMY1, AMY2 and AMY 32, We first tested equilibrium binding
of radioactively labeled rat IAPP (*?°1-rIAPP) to BV-2 cells® %2, 1%5|-r|APP exhibited appreciable and
saturable binding at a tracer concentration of 100 pM, and binding was in the range of 3000-4000 cpm
per 4 x 10° cells (data not shown). Of note, similar results were obtained when the human breast
carcinoma cell line MCF-7 that expresses high-affinity IAPP receptors was applied (data not shown)3®
52 Importantly, *?°I-rlAPP binding was competed by both human IAPP and IAPP-GI, both known IAPP
receptor agonists, in a dose-dependent manner, featuring similar binding isotherms (ICso ~ 1 uM; Figure
5D)% %2, This result suggested that BV-2 microglial cells express a functional IAPP receptor. We then
tested binding of various concentrations of an aged mixture of AB40 with IAPP-GI (1/1) and of aged
APB40 alone. The AB40/IAPP-GI mixture displaced #I-rIAPP from the microglial receptor with a
similar binding isotherm as that seen for IAPP-GI alone, whereas aged AP40 alone did not exhibit
significant binding to the IAPP receptor (Figure 5E). These findings indicated that AB/IAPP-GI hetero-
oligomers are endocytosed by microglial cells via binding to an IAPP receptor. To confirm this
observation®® and further characterize the putative IAPP receptor, we performed immunoblot analysis
of BV-2 lysates. AMY3 has previously been reported to be present in various areas of the human and
rat brain and to mediate cytotoxic effects of both IAPP and AB®: % . We found that both AMY3
moieties, i.e. CTR and RAMP3, are expressed in the BV-2 microglial cells further underpinning the
notion that AB/TAPP-GI and APB/IAPP hetero-oligomers are endocytosed via a receptor-mediated
pathway involving IAPP-GI(IAPP)-mediated binding to AMY3 (Figure 5F). The data also insinuate
that aggregated AP alone is taken up by a non-receptor-mediated slower route. In fact, this conclusion
is in accord with the endocytosis inhibitor experiments (Figure 5C) and together suggests that Ap/IAPP
hetero-oligomers are endocytosed via a clathrin- and dynamin-dependent AMY3 receptor-mediated

pathway®® *8 whereas the AP alone-track may share the dynamin component with this pathway, but
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likely does not involve any CME uptake components®® . This could also explain why the endocytosis
inhibitors partially affected the uptake of AB40 alone at a similar relative rate, albeit at markedly lower
overall levels and although this effect did not reach statistical significance.

Finally, we asked whether the observed inhibitory effect of IAPP-GI on caspase-1 activation caused
by IAPP aggregates (see Figure 1), in analogy to the findings on AB/IAPP-GI hetero-oligomers, is also
mediated by the uptake and efficient degradation of non-fibrillar IAPP-GI/IAPP hetero-oligomers *. To
address this hypothesis, aged fibrillar IAPP versus IAPP-GI/IAPP (1/1) mixtures were incubated with
primary BMDMs and lysosomal IAPP content was analyzed after 2 min, 2 h and 16 h of incubation by
Western blot and bands quantified by densitometric analysis. Significant amounts of IAPP were found
in lysosomes of cells incubated with fibrillar IAPP at the 2 and 16 h time intervals (Figure 5G and H),
whereas the 2 min time point only showed faint IAPP bands, indicating the very early phase of uptake
of the IAPP peptides (Supplementary Figure S9). Of note, markedly less IAPP was found in cells
treated with the IAPP-GI/IAPP mixture. This difference was seen both at the early 2 h and the advanced
16 h time point of lysosomal exposure (Figure 5G and H, Supplementary Figure S9). These results
supported the suggestion that nonfibrillar IAPP-GI/IAPP hetero-oligomers also become internalized by
an AMY3 receptor-mediated pathway and are targeted to lysosomes, where they become more

efficiently degraded than IAPP fibrils alone.

Conclusions. Taken together, our results show that the non-amyloidogenic IAPP analog IAPP-GI is
able to prevent inflammatory responses of microglial cells and macrophages mediated by Ap and IAPP
aggregates. In addition, our results provide evidence that inhibition of AB-mediated microglial
inflammation is mediated via a “dual-hit” mechanism (summarized in Figure 6). Accordingly, IAPP-
Gl appears to sequester Ap or IAPP from their respective amyloidogenic pathway to funnel them into
an IAPP receptor-mediated internalization pathway (“first hit”). IAPP receptor-mediated internalization
is consistent with emerging evidence suggesting an important role for IAPP and the IAPP receptor in
AD pathogenesis, although they do not exclude the possibility that additional uptake mechanisms may
also exist for the AB/IAPP hetero-oligomers including binding to RAGE, CD36 or several of the other

ApB receptors and binding proteins, which are present in microglial cells® 24 57.61.62,
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We further conclude that hetero-complex formation between IAPP-GI and the amyloidogenic
polypeptides results not only in their rapid endocytosis/internalization, but, in addition, serves to keep
the amyloid component soluble and sensitive to degradation by the lysosomal enzyme armory (“second
hit”). This in turn prevents lysosomal damage, lysosomal leakage, and attenuates the activation of
NLRP3/caspase-1 and blocks IL-1B release that would otherwise amplify inflammation® 810 17. 29,
Moreover, our results also suggest that the cross-interaction between non-fibrillar Ap and 1APP species
suppresses inflammatory cascades triggered by AB or IAPP assemblies in microglial cells by promoting
lysosomal targeting via the IAPP receptor and proteolytic degradation of both polypeptides.

These results suggest that nonfibrillar AB/IAPP hetero-oligomers, if existent in vivo, may act to
prevent AB- or IAPP-mediated inflammatory cascades in brain and pancreas®. While studies in animal
models are now required to test the physiological relevance of the here suggested function of non-
fibrillar AB/IAPP hetero-oligomers, emerging evidence supports the suggestion that functional disease-
associated interactions between the two polypeptides exist in vivo as well?* 303163 |n fact, AB and IAPP,
which are both present in blood and CSF at similar concentrations, have recently been found to
colocalize in both cerebral and pancreatic amyloid deposits of AD and T2D patients while AB fibrils
have been reported to cross-seed IAPP pancreatic amyloid deposition in vivg3® 32. 36 63-66,

Finally, our findings and recent results by others suggest that the use of “bifunctional” IAPP analogs
that combine IAPP receptor agonist activity with the ability to bind Ap40, AB42, and IAPP could
become a promising approach to suppress inflammation in AD, T2D or both diseases®® " %, Various
anti-inflammatory compounds including NSAIDs, specific small molecule NLRP3 inflammasome
inhibitors or compounds targeting IL-1p or its receptor are currently being evaluated in treating
inflammatory diseases including AD and T2D3 %672, While such compounds are potent and suppress
a broad range of inflammatory processes including likely also beneficial ones, IAPP analogs might have
the potential to even more specifically suppress Ap or IAPP amyloidogenesis-mediated inflammatory

cascades and might qualify for early targeted intervention approaches®> % 10.28.69,
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METHODS

Peptides and other compounds. AB40 was synthesized by Fmoc-solid phase peptide synthesis (SPPS),
purified by RP-HPLC and treated as described®” > 74, AB40 stocks were freshly prepared in 1,1,3,3,3,3-
hexafluoro-2-isopropanol (HFIP) (Aldrich) (4°C); their concentrations were determined by the
bicinchoninic acid (BCA) assay (Pierce) as described® %', Synthetic AB42 and the pentapeptide LPFFD
were from Bachem while glucagon was from Calbiochem. IAPP-GI, IAPP, and rlIAPP were synthesized
by Fmoc-solid phase synthesis methodology, oxidized and purified by RP-HPLC as described®®. IAPP
and IAPP-GI stocks were prepared in HFIP (4°C) and filtered over 0.2 um filters (Millipore); their
concentrations were determined by UV spectroscopy as described® 7>, N*-amino-terminal fluorescein-
labeled AB40, IAPP and IAPP-GI (Fluos-Ap40, Fluos-IAPP and Fluos-IAPP-GI) and tetra-
methylrhodamin (TAMRA)-labeled AB40 (Rhodamin-Ap40) were synthesized by SPPS purified and
their HFIP stocks made and handled as described®>3"-3, Concentrations of fluorescently labeled peptides
were determined by UV spectroscopy as described® ¥, All synthetic peptides were characterized by
matrix-assisted laser desorption ionization mass spectroscopy (MALDI-MS). Epigallocatechin gallate

(EGCG) was from Aldrich.

Cell culture. The mouse microglial cell line BV-2 as well as the immortalized Nlrp3-knock out and
wildtype (WT) peritoneal exudate mouse macrophages were cultured in DMEM (Gibco) supplemented
with 10% (vol/vol) heat-inactivated fetal calf serum (FCS), 4.5 g/L D-glucose, 2 mM L-glutamine, 1
mM sodium pyruvate (all from Gibco), and 0.1 mg/ml penicillin/streptomycin (Invitrogen). Murine bone
marrow-derived macrophages (BMDMSs) were cultured in RPMI 1640 medium supplemented with 10%
(vol/vol) heat-inactivated FCS, 4.5 g/L D-glucose, 2 mM L-glutamine/pyruvate (Gibco), and 0.1 mg/mL
penicillin/streptomycin (Invitrogen) plus 25 ng/mL monocyte-colony stimulating factor (M-CSF)

(R&D). Cells were incubated in a humidified atmosphere with 5% CO- at 37°C.

Isolation and differentiation of bone marrow-derived macrophages. Bone marrow-derived macro-
phages (BMDM) were generated from 8 week-old female WT C57BL/6 mice essentially as described
recently’®. Isolated bone marrow cell suspensions were differentiated and grown by adding 25 ng/mL M-
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CSF and incubation in a humidified incubator with 5% CO2 at 37°C for 7 days. Every 2-3 days,
differentiating cells were washed with RPMI medium and supplied with fresh medium plus 25 ng/mL M-
CSF. Under these conditions, the bone marrow monocyte/macrophage progenitors proliferated and
differentiated into a homogenous population of mature BMDMs. The efficiency of the differentiation was
assessed by fluorescence-activated cell sorting (FACS) analysis detecting F4/80 surface antigen

expression as described’.

Determination of fibrillogenesis by the ThT binding assay. Previously established assay protocols
were essentially applied 3, Briefly, peptides were dissolved in HFIP and then dried-off with nitrogen
purging. The residual peptide was redissolved in thioflavin T (ThT) assay buffer (50 mM sodium
phosphate buffer, pH 7.4, 100 mM NaCl, containing 1% HFIP for AB-related assays or 0.5% HFIP for
IAPP-related incubations) to a concentration of 100 uM. Solutions were incubated (unstirred) at room
temperature for 1-4 days and amyloidogenesis was determined by the ThT binding assay. ThT binding
was measured in aliquots of the incubations of IAPP, AB40 and IAPP-GI alone and AP40 or IAPP
mixtures with IAPP-GI (1/1) (parallel incubations were always performed) by mixing with a ThT
solution (5 uM ThT in 100 mM glycine/NaOH buffer, pH 8.5) and then immediately measuring
fluorescence emission at 486 nm after excitation at 450 nm using a 1420 Multilabel Counter Victor

(PerkinElmer Life Sciences) as described®: 3,

Caspase-1 activation assay.

In BV-2 microglial cells (with or without LPS stimulation). With LPS stimulation: To measure caspase-
1 activation, BV-2 microglial cells at a density of 0.55 x 10° cells/plate (0.36 x 10*/mL) were seeded on
3.5 cm poly-L-ornithine-coated tissue culture dishes (Sarstedt) and grown in DMEM medium (Gibco)
supplemented with 10% (vol/vol) FCS at 37°C (under 5% CO,) for 24 h. Cells were starved in serum-
free DMEM for at least 4 h before stimulation with 100 ng/mL lipopolysaccharide (LPS; serotype
0111:B4; Sigma-Aldrich, Steinheim, Germany). After 4 h exposure to LPS, solutions of 4 day-aged
AB40 (100 uM) or AB40+IAPP-GI (1/1) in 50 mM sodium phosphate buffer, pH 7.4, containing 100

mM NaCl plus 1% HFIP, were diluted with cell culture medium and added to the cells to a final peptide
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concentration of 10 uM. The 1/1 ratio of Ap and IAPP-GI had previously been demonstrated to convey
complete inhibition of AP fibrillogenesis. As a positive control, ATP (Aldrich) was added to some
incubations at a final concentration of 1 mM and cells incubated for 30 min at 37°C. After 30 min
incubation with ATP, medium was replaced with FCS-free medium and samples (treated or untreated)
incubated overnight at 37°C. Medium was removed, cells were rinsed twice with cold PBS (Aldrich),
detached and incubated with FLICA substrate (Immunochemistry Technologies, United States) for 1 h
at 37°C (5% CO;) according to the manufacturer’s instructions. Cells were washed and fluorescence
intensity was measured at 535 nm following excitation at 485 nm using the 1420 Multilabel Counter
Victor. Without LPS stimulation: The experimental procedure was as above except that after 4 h of
starvation in DMEM medium without FCS, peptide solutions were added to the cells without prior LPS
stimulation. AB42 incubations were the same as for AB40 (i.e. 100 uM; AB42/1APP-GI at 1/1).

In immortalized peritoneal mouse macrophages (PMs). Wildtype (WT) or NIrp3~~ macrophages were
seeded in 3.5 cm-tissue culture dishes a density of 0.6 x 10° cells/plate (equal to 0.4 x 10%/mL) (Sarstedt)
and grown in DMEM supplemented with 10% (v/v) FCS at 37°C (5% CO,) for 24 h. Cells were starved
in serum-free DMEM for at least 4 h before addition of incubations of aged peptides (100 uM in 50 mM
sodium phosphate buffer, pH 7.4, containing 100 mM NaCl and 0.5% HFIP) following their dilution
with cell culture medium (final peptide concentration on cells: 5 uM). After 16 h incubation, medium
was removed, cells were rinsed twice with cold PBS and detached from plates. Caspase-1 activity using
FLICA substrate was determined as above.

In bone marrow-derived macrophages (BMDMs). After BMDMs were isolated and differentiated for
7 days (see above), cells at a density of 1 x 106 cells/mL were seeded in 3.5 cm tissue culture dishes and
grown for 3 days at 37°C (5% CO2) in RPMI 1640 medium supplemented with FCS (10%) and 25
ng/mL M-CSF. Cells were starved in serum-free RPMI 1640 medium for 24 h before addition of
solutions of the pre-incubated peptides as above at a 1/1 ratio. Caspase-1 activity using FLICA substrate
was determined as above.

Detection of active caspase-1 by measuring subunit p10. Cleaved caspase-1 fragment pl10 was
measured by Western blot essentially following an established procedure’”. The caspase-1 p10 (M-20)

antibody sc-514 (Santa Cruz Biotechnology) was used to develop the Western blot membrane.
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Assessment of cell damage via the MTT reduction assay. The 3-[4,5 dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide (MTT) reduction assay was performed as previously described %,

Cathepsin B activity assay. Cathepsin B assays were performed in lysates of BV-2 microglial cells.
Cells were seeded and grown as above and starved in serum-free DMEM at least 4 h. Aliquots of 4 day-
aged solutions of AB40 (100 uM), AB40+IAPP-GI (100 uM each) in 50 mM sodium phosphate buffer,
pH 7.4, containing 100 mM NaCl and 1% HFIP were diluted with cell medium and added to the cells at
a final peptide concentration of 10 uM. Following overnight incubation and washing (twice), cells were
detached and mixed with Magic Red substrate (Immunochemistry Technologies, United States) 8. After
incubation for 1 h at 37°C (5% CO,), cells were washed, resuspended in PBS and fluorescence at 590

nm was measured following excitation at 485 nm using the 1420 Multilabel Counter Victor @,

IL-1B enzyme-linked immunosorbent assay (ELISA). BV-2 microglial cells were sub-cultured at a
density of 0.55 x 106 cells/plate (0.36 x 10%/ml) in 3.5 cm poly-L-ornithine-coated tissue culture dishes
for 24 h (Sarstedt). Thereafter, medium was replaced with serum-free DMEM for at least 4 h before
applying 100 ng/ml LPS. After 4 h stimulation with LPS, aged peptide incubations (for preparation see
above) were added to the cells at a final concentration of 10 uM. ATP (final concentration 1 mM) was
used as a positive control. After 30 min of incubation with ATP, medium was replaced with FCS-free
DMEM. Treated and untreated cells were incubated for 16 h at 37°C (5% CO>) and supernatants were
collected and assayed for IL-1p content using an IL-13 ELISA kit (Peprotech, United States) according

to the manufacturer’s instructions.

Western blot (WB) analysis. Western blot was used for semi-quantification of peptides in cell
supernatants or lysosomal compartments and to identify IAPP receptor components in BV-2 cells
following previously established protocols’ ™. Briefly, for the quantification of Ap in cell supernatants,
BV-2 microglial cells were plated on poly-ornithine-coated 96-well plates (Nunc) at a density of 0.15 x

10° per well (i.e. per 300 pL) and incubated overnight at 37°C (5% CO.). Thereafter, cells were starved

20



for 4 h in serum-free DMEM. 4 day-aged solutions of fibrillar AB40 (100 uM) or mixtures of AB40 with
IAPP-GI (100 uM each) in 50 mM sodium phosphate buffer, pH 7.4, containing 100 mM NaCl and 1%
HFIP were diluted with cell culture medium and added to the cells at a final peptide concentration of 10
uM. Incubations were performed up to 16 h. At the indicated time points supernatants were collected,
lyophilized and dissolved in reducing NUPAGE sample loading buffer (Invitrogen) and boiled for 5 min.
Samples were subjected to NUPAGE electrophoresis in 4-12% Bis-Tris gels with MES running
(Invitrogen) and blotted onto nitrocellulose membrane. Amyloid peptides were revealed by Western
blotting using a polyclonal rabbit antibody anti-Ap(1-40) (Sigma) in combination with HRP-coupled
secondary antibody (Amersham) and the Super Signal Duration ECL staining solution (Pierce). For
Western blot analysis of lysosomal fractions, see under “Peptide uptake and degradation assays”.

To determine whether the IAPP receptor is expressed in BV-2 microglial cells, 0.25 x 108 cells were
lysed with reducing NuPAGE sample loading buffer and boiled for 5 min, followed by sonification for
15 min at 4°C. Samples were subjected to NUPAGE and blotted. Receptor components were revealed
by incubation with polyclonal rabbit anti-CTR antibody (CTR, Calcitonin receptor) and by polyclonal
rabbit anti-RAMP3 antibody (Abcam) together with HRP-coupled secondary antibody (Amersham) and

the Super Signal Duration ECL staining solution (Pierce).

Peptide uptake, degradation, and lysosomal integrity assays. BV-2 microglial cells were seeded at a
density of 0.35 x 10° cells/plate (0.125 x 10%ml) on sterile poly-ornithine pre-coated glass coverslips
(Thermo Scientific) and grown at 37°C (5% CO,) for 24 h. Thereafter, aliquots of solutions of Fluos-
IAPP, Fluos-1APP-GI, Fluos-AB, Rhodamin-Ap, and Fluos-AB+IAPP-GI (1/1) or Rhodamin-
AB+Fluos-1APP-GI (1/1) in 50 mM sodium phosphate, pH 7.4, containing 100 mM NaCl (peptide
concentration: 2 uM) were diluted with cell medium and added to the cells at a final concentration of
200 nM. Cells were incubated with peptides for 16 h (37°C, protected from light). Coverslips were then
mounted on an Axiovert 100 M confocal laser-scanning microscope (Zeiss, Jena, Germany) and medium
was replaced with 1 ml phenol red-free DMEM medium (Gibco). To stain lysosomes, the acidophilic
lysotropic dye Lysotracker Red DND-99 (Invitrogen) was added to the cells at a concentration of 40 nM

and incubated 10-15 min with the cells at room temperature.
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To analyze amyloid peptide uptake and degradation biochemically, pre-cultivated BV-2 microglia
cells or BMDMs were seeded on polyornithine-coated plates, starved in serum-free medium before
stimulation with aged peptide solutions. Cells were incubated with peptide solutions as indicated (10
MM for BV-2 and 2 pM for BMDMSs) for 0, 2, or 16 h at 37°C. Washed and pelleted cells were
homogenized using a Dounce homogenizer and lysosomes enriched by differential centrifugation. For
uptake assays, cells were additionally washed with cold PBS (three times) and once with glycine buffer
(pH 2.8) before detaching, pelleting, and homogenization on ice to remove non-specifically adhered
peptides.

To prepare lysosomal extracts, lysosomes were lysed by 6 cycles of freeze and thaw with 15 sec
vortexing between each cycle. The lysed lysosomes were centrifuged at 10.000 x g, 10 min, 4°C to
separate lysosomal debris from extracts. Lysosomal extracts were added to 4 days aged solutions of
AB40 (100 uM) or APB40+IAPP-GI (1/1; 100 uM) (in 50 mM sodium phosphate buffer, pH 7.4,
containing 100 mM NacCl plus 1% HFIP. Samples were diluted to a final peptide concentration of 10
uM with incubation buffer and the pH value was adjusted to a value of 5.0 to adapt to lysosomal pH
conditions. Following overnight incubation, solutions were subjected to NUPAGE (4-12% Bis-Tris gels
with MES running buffer) and WB with a polyclonal rabbit antibody anti-Ap(1-40) as above or to
MALDI-MSLysosomal integrity was probed by measuring cathepsin B content by Western blot using a
mouse monoclonal antibody to cathepsin B (Abcam). LAMPL, a lysosomal transmembrane protein, was
probed by incubating the membrane with a mouse monoclonal anti-LAMP-1 antibody (Abcam).

To study peptide degradation by lysosomal extracts, lysosomes were lysed by 6 cycles of freeze and
thaw with 15 sec vortexing between each cycle. Lysed lysosomes were cleared from debris and added
to 4 day-aged solutions of Ap40 (100 uM) or AB40+IAPP-GI (1/1; 100 uM) (final peptide concentration
10 uM, pH 5.0) and incubated overnight.

For the study of peptide degradation by purified cathepsin B, peptide incubations were prepared as
above. Purified cathepsin B from bovine spleen (Aldrich) was dissolved and activated in 20 mM sodium
acetate buffer (pH 5) containing 1 mM EDTA and 2 mM DTT and added to the preincubated peptides.

Samples were then diluted with the sodium acetate buffer to a final peptide concentration of 10 puM, the
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pH value was adjusted again to 5 and incubations were allowed to procede overnight. Digests were

subjected to NUPAGE electrophoresis as above.

IAPP receptor binding assay. The receptor binding studies were performed in BV-2 cells following a
modification of an established procedure’. Briefly, BV-2 microglial cells were plated on polyornithine-
coated plates and incubated in low-serum DMEM on ice for 20-30 min. Peptides were added at indicated
final concentrations followed by addition of *21-rlAPP (100 pM) and cells incubated on ice for 1.5 h,

washed, and lysed. Bound *?°I-rIAPP was quantified using liquid scintillation counting.

Endocytosis inhibition assay. BV-2 microglial cells were plated on polyornithin-coated plates (Nunc)
at a density of 0.015 x 10° per well (or per 300 pL) and incubated overnight at 37°C. Cells were starved
for 4 h in serum-free DMEM before adding endocytosis inhibitors. Cells were then exposed to 50 uM
monodansylcadaverine (MDC) (Sigma) and 80 uM dynasore (Sigma) and incubated for 30 min at 37°C.
Aliquots of 4 day-aged solutions of AB40 alone (100 uM) or AB40+IAPP-GI (1:1) (in 50 mM sodium
phosphate buffer, pH 7.4, with 100 mM NaCl and 0.5% HFIP) were diluted with cell culture medium
and added to the cells to a final concentration of 10 pM. After incubating with peptides for 2, 30 and 60
min, cells were washed with glycine buffer (pH 2.8), mixed with reducing NuPAGE sample loading

buffer, boiled for 5 min and subjected to NUPAGE electrophoresis and WB as above.

Statistical analysis. Numerical data were expressed as meantSEM. Student’s t-tests (two-sided,

unpaired) as well as one-way ANOVA Bonferroni post-test were performed.
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FIGURE LEGENDS

Figure 1. IAPP-GI prevents AB40(42) and IAPP aggregate-induced NLRP3 inflammasome activation.
() IAPP-GI blocks Ap40- and IAPP-induced NLRP3 activation in LPS-primed BV-2 mouse microglial
cells. Following LPS priming (100 ng/ml), cells were incubated overnight with 4-day-aged Ap40 (10
UM), AB40+IAPP-GI (10 UM each), IAPP, IAPP+IAPP-GI (10 uM each), IAPP-GI alone, or ATP (1
mM) as indicated. NLRP3 activation was measured by caspase-1 activity (using the fluorescent cell-
permeable FLICA substrate. (b) Same as (a) except that unprimed BV-2 microglial cells were used. This
experiment also shows that IAPP-GI blocks Ap42-induced NLRP3 activation. Results are means
(xSEM) of 3-4 independent experiments with 7-10 replicates each. (c) Proof that inhibitory effect is
dependent on NLRP3. Immortalized peritoneal macrophages (PMs) were primed with LPS and
inhibition of AB40- or IAPP-induced caspase-1 activation by IAPP-GI is compared between wildtype
(WT) and NIrp3 knockout (NIrp37) cells. Incubation conditions as in (a), except that IAPP and IAPP-
Gl were applied at 5 uM each. (d) IAPP-GI prevents AB40(42) and IAPP aggregate-induced NLRP3
inflammasome activation in BV-2 microglia and peritoneal macrophages (PM) as measured by IL-13
production via ELISA from the cell supernatants. For PMs, wildtype (PM-WT) and Nlrp3 knockout
(PM-NIrp3™) cells were compared (triplicate measurements from a representative experiment). (e)
Induction of caspase-1 activation in bone marrow-derived macrophages (BMDMSs) by IAPP aggregates
and inhibition by IAPP-GI. Cells were primed with LPS and treated with the peptides as in (2). Results

(c) and (e) are means (xSEM) of 3-13 independent experiments each.

Figure 2. IAPP-GI inhibits Ap40-induced cathepsin B activation and protects lysosomal integrity. BV-
2 microglial cells were incubated with 4-day-aged Ap40, AB+TAPP-GI (1/1) or IAPP-GI alone (10 uM)
for 16 h and cathepsin B activity visualized with Magic red substrate (a). Data are means (+SEM) of
three independent experiments. (b) Anti-cathepsin B Western blot (WB) of the lysosomal fraction
isolated from BV-2 cells following incubation with Ap40 alone, AB40+IAPP-GI or control buffer. (c)

LAMP-1 signal (WB) verifies the lysosomal character of the isolated compartment.

Figure 3. AB40/IAPP-GI hetero-oligomers are internalized by microglial cells, targeted to lysosomal
compartments and efficiently degraded. Confocal microscopy of microglial cells after overnight
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incubation (16 h) with 200 nM of Fluos-Ap40 (a), Fluos-1APP-GI (b), or Fluos-AB40 +unlabeled IAPP-
Gl (c). (d) Lysosomal co-targeting of Rhodamin-Ap40/Fluos-IAPP (200 nM each) hetero-oligomers.
LysoTracker Red was used for lysosomal/late endosomal co-staining. Scale bars: 10 um. (¢) Enhanced
elimination of AP40 from lysosomes in the context of its IAPP-GI hetero-oligomers. Aged Ap40,
AB40+IAPP-GI (1/1), or IAPP-GI were added to BV-2 cells (final concentration 10 pM) and incubated
for 0, 2 and 16 h. Lysosomes were isolated and AB40 or IAPP-GI were quantified by WB with anti-

AB40 (left panel) or anti-lIAPP antibody (right panel).

Figure 4. Specificity of the interaction of IAPP-GI with AB40 and the IAPP sequence per se in inhibition
of AB-mediated inflammasome activation — evidence for a predominant role of IAPP-GI/Af complexes
in lysosomal trafficking, degradation, and protection over mere protection from AB-aggregation. (a)
Interaction of IAPP-GI with non-fibrillar AB40 is required for TAPP-GI-mediated lysosomal ApB40
degradation. IAPP-GI was added to 4 day-aged, fibrillar AB40 (10 uM; 1/1) and the solution was applied
to BV-2 cells. Aged, fibrillar AB40 alone was also applied to the cells as control. Anti-Ap40-Western
blot (control: anti-IAPP) of enriched lysosomal fraction is shown. The blot shown is representative of
2-3 independent incubations. (b) Coincubation of AB40 with glucagon does not affect lysosomal
degradation of AB40. 4 day-aged AP40 alone versus an aged Ap40+glucagon mixture (1/1) were added
to BV-2 cells at 10 uM and lysosomal fractions were analyzed by anti-Ap40-WB. The blot shown is
representative of 2-3 independent incubations. (c-d) The inhibitors of AB40 amyloidogenesis LPFFD
and EGCG do not promote lysosomal degradation of AB40. Methods and detection are as in (b). The
blots shown are representative of 3-4 independent incubations. (e-f) Non-amyloidogenic rlAPP, a highly
potent IAPP receptor agonist, strongly enhances lysosomal AB40 degradation and blocks caspase-1
activation. Methods are as in (b), except that in addition, a FLICA substrate-based caspase-1 activation
assay was performed. The blot is representative of 2-3 independent incubations and the caspase-1
activity data are means £SEM of 3 independent experiments. (g-h) Non-fibrillar AB40/IAPP hetero-
oligomers are targeted to lysosomes, promote degradation of both polypeptides and inhibit caspase-1
activation mediated by APB40 and IAPP. Methods are as in (e-f). Data are means (+tSEM) of three

independent experiments.
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Figure 5. Cellular uptake of AB40/IAPP-GI and IAPP/IAPP-GI hetero-oligomers is mediated by a rapid
IAPP receptor-mediated endocytosis pathway. (a) Formation of AP40/IAPP-GI hetero-oligomers
promotes rapid disappearance of AB40 from BV-2 cell supernatant. 4-day-aged fibrillar Ap40 alone or
AB40/IAPP-GI mixtures were added to BV-2 cells at 10 pM. After 2 min and 16 h of incubation,
supernatants were analyzed by Western blot for AB40. The blot is representative of 3 independent
incubations. (b) Quantification of (a) by band densitometry with normalization to AB40 band alone at 2
min. Data are means +SEM of 3 independent experiments. (c) AB40 in hetero-oligomeric complex with
IAPP-GI is rapidly endocytosed by BV2 microglial cells. Dependency of uptake on a clathrin- and
dynamin-dependent process. After treating BV2 cells with monodansylcadaverin (MDC) (50 uM) and
Dynasore (80 uM), 4 day-aged peptides were added to the cells and incubated for 2, 30 and 60 min. The
level of endocytosed AB40 or AB40+IAPP-GI hetero-complex was analyzed by Western blotting of cell
lysates with anti-AB40 antibody (see Supplementary Figure S7 for blot image). Quantification of
Western blot by band densitometry. Peptide control (input): 5 ug Ap40 and AB40+IAPP-GI (1:1). AP
monomer bands were normalized to input and actin. Data are means +SEM of three independent
experiments. (d) BV-2 cells express functional IAPP receptors. Radioactive receptor competition assay
using %1-rIAPP as tracer and IAPP or IAPP-GI as competing agonist. Data are means (+SEM) of at
least 3 independent experiments; *P<0.05, **P<0.001 and ***P<0.0001 versus tracer alone. (¢) Same
as (d) except that Ap40/1APP-GI (1/1) hetero-oligomers were used for competition. For comparison,
binding of AB40 alone (5 uM) was also tested. (f) BV-2 cells express the IAPP receptor subtype AMY3.
Cells were lysed and CTR and RAMP3 detected by Western blot. (g) Receptor targeting and lysosomal
degradation by hetero-complexation with IAPP-GI extends to aged IAPP aggregates. Aged IAPP alone
versus coincubation with IAPP-GI were added to bone marrow-derived macrophages (BMDMs) at 2
uM and incubated for 2 and 16 h. Upon isolation of lysosomal compartments, degradation was probed
by Western blot with an anti-IAPP antibody. The Western blot shown is representative of 2 (2 h-time
point) and 4 (16 h-time point) independent experiments. The IAPP monomer is indicated by an arrow.
(h) Quantification of the Western blots according to (g). The IAPP monomer bands were quantitated.
The 16 h-data are derived from 4 independent experiments, the 2 h-data refer to 2 independent

experiments.
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Figure 6. Cartoon summarizing the results and suggested “dual-hit” inhibitory mechanism of IAPP-GI

on AB40-aggregate mediated microglial inflammation.
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Figure S1. One mM ATP does not impair viability of BV2 microglial cells. The potential cytotoxicity of ATP on cell
viability of BV2 was assessed by MTT cell viability/metabolic activity assay. Titration of different concentrations of
ATP (0.5 - 5 mM). BV2 cells were incubated with ATP for 30 min (a) or 18 h (b). Appreciable cytotoxic effects of ATP
were only seen at concentrations 22 mM. 1 mM and 500 uM ATP were not cytotoxic.



Figure S2
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Figure S2. NLRP3 inflammasome activation in microglial cells by aged AB40 or IAPP as detected by autoproteolytic
generation of caspase-1 subunit p10 and blockade by IAPP-GI. 4 day-aged solutions of AB40 versus AB40+IAPP-GI
or IAPP versus IAPP+IAPP-GI were added to LPS-primed BV-2 microglial cells at a final peptide concentration of
10 uM peptide as indicated. Controls: unprimed cells (control); LPS priming without second hit trigger (LPS); LPS
priming + ATP as surrogate second hit trigger (ATP). Caspase-1 subunit pl0, indicating activation and
autoproteolytic cleavage of caspase-1, was detected by Western blot. Two independent experiments were

performed.
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Figure S3. Nonfibrillar AB40 does not activate NALP3 inflammasome activity and verification of AB40 fibril
formation. a) Nonfibrillar AB40 does not activate caspase-1 in BV2 microglial cells. AB40 as well as AB40+IAPP-GI
were dissolved in 50 mM sodium phosphate buffer, containing 100 mM NacCl plus 1% HFIP with a pH value of 7.4,
to a concentration of 100 uM and incubated at room temperature for 4 days and then were added to BV2
microglial cells at a final peptide concentration of 10 uM. Shortly before stimulation, nonfibrillar AB40 was also
dissolved in 50 mM sodium phosphate buffer, containing 100 mM NaCl plus 1% HFIP with a pH value of 7.4, to a
concentration of 100 uM and added to the cells (without preincubation) to a final concentration of 10 uM on the
cells. All samples were incubated overnight (16 h) with the cells. Caspase-1 activation was measured by
incubation with a fluorescent cell-permeable substrate (FLICA) that binds only to activated caspase-1. Results are
means =SEM of 4-10 independent experiments. b) Verification of AB40 fibril formation and inhibition by IAPP-GI.
Before applying to the cells, fibril formation was measured by ThT binding assay. Results are means =SEM of
three independent experiments.



Figure S4

Wl anti-F4/80

EratigG

p=0.0003 100-

10000+ e 80—.

(0]
o
PR P

5000+

ThT fluorescence
[Relative units]

Counts (% of Max)
SN
o
PR P

o

n

o
|

Q?’ 0 R L ARl | —=T T T =TT 7T
10° 10 102 10° 10*

3 Fluorescence intensity

Figure S4. Verification of bone marrow-derived macrophage differentiation and inhibition of IAPP fibrillation
by IAPP-GI. a) Flow cytometry analysis detecting F4/80 expression shows differentiation of bone marrow-
derived macrophages (BMDMs). Rat IgG was used as a control antibody. b) IAPP-GI blocks IAPP fibril
formation. IAPP fibrillation was analyzed by Thioflavin T binding assay before applying peptides to BMDMs.
Results are means = SEM of three independent experiments.
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Figure S5. Non-aggregated Ap40 is rapidly degraded in lysosomes and does not activate caspase-1. a) Nonfibrillar
AB40 disappears more rapidly from lysosomes than fibrillar AB40. AB40 was dissolved in 50 mM sodium phosphate
buffer, containing 100 mM NacCl plus 1% HFIP with a pH value of 7.4 at a concentration of 100 uM and incubated at
room temperature for 4 days and was termed fibrillar AB40. Shortly before adding fibrillar AB40 to BV-2 microglial
cells, nonfibrillar AB40 was also dissolved in 50 mM sodium phosphate buffer, containing 100 mM NacCl plus 1% HFIP
with a pH value of 7.4 (concentration: 100 uM). Both fibrillar and nonfibrillar AB40 were then added to the cells at a
final concentration of 10 uM. Buffer was used as a further control. Incubations were for 16 h. Lysosomes were
isolated and lysosomal extracts analyzed by Western blotting (for method see main manuscript text body). Non-
fibrillar AB40 was substantially degraded with only weak bands detectable, whereas fibrillar AB40 was massively
present, indicating protection from degradation. Fibrillar AB40 and control buffer were analyzed in duplicate,
nonfibrillar AB40 in triplicate. b) Nonfibrillar AB40 does not activate caspase-1 in BV-2 microglial cells. Fibrillar AB40
was prepared as under a) and was also applied in a mixture (1:1) with IAPP-GI. BV-2 cells were incubated with the
various A} preparations as indicated for 16 h and caspase-1 activity of cell lysates measured (see methods).
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Figure S6. Confirmatory evidence that lysosomal enzymes degrade ApR40 within
AB40/IAPP-GI hetero-oligomeric complexes. a) Western blot analysis (using anti-
AB antibody) showing that lysosomal extracts lead to a more pronounced
degradation of AB40 when present within AB40/IAPP-GI complexes compared to
AB40 alone (compare the relative loss in AB40 signals in lane 3/4 versus 1/2 ). 100
MM AB40 versus ABR40+IAPP-GI (1/1) (final concentrations 10 uM, pH value
adjusted to 5) were incubated at room temperature for 4 days (“aging”), before
subjecting preparations to isolated lysosomal extracts from BV-2 microglial cells
for 16 h. b) Same as a) except that peptide preparations were incubated with
purified commercial cathepsin B. Blots shown in a) and b) are representative of 2-
3 independent experi-ments. c¢) MALDI-mass spectrometry analysis of the
AB40/IAPP-GI hetero-oligomeric complexes digested with cathepsin B. As
expected, the spectrum of undigested AB40/IAPP-GI complex shows signals at
=~3940 m/z (IAPP-GI) and =4350 m/z (Ap40). Following digestion, these peaks
have vanished and the spectrum of cathepsin B-digested AR40/IAPP-GI complex
shows various peaks at lower masses.
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Figure S7. AB40 aggregate-triggered NLRP3 inflammasome activation is not reduced by the small molecule amyloid
inhibitors pentaptide LPFFD or green tea compound EGCG. Inflammasome activation in BV2 microglial cells was
measured by caspase-1 activity assay. a) AB40 aggregate-triggered caspase-1 activation is not inhibited by anti-
amyloidogenic pentapeptide LPFFD. Caspase-1 activation in BV2 cells was measured after stimulation with 1mM
ATP, 10 pM fibrillar AB40 (4 day-aged), 10 uM aged AB40+IAPP-GI (1:1), and 10 uM AB40+LPFFD (1:1). b) same as
a) except that instead of LPFFD, EGCG was applied. Data are means =SEM of 3-6 independent experiments.
Asterisks indicate statistical significance; NS = non-significant.
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Figure S8. AB40 in hetero-oligomeric complex with IAPP-GI is rapidly endocytosed by BV2
microglial cells. Dependency of uptake of the AB40+IAPP-GI hetero-complex on a clathrin-
and dynamin-dependent process. After treating BV2 cells with monodansylcadaverin (MDC)
(50 uM) and Dynasore (80 uM), 4 day-aged peptides were added to the cells and incubated
for 2, 30 and 60 min. The level of endocytosed AB40 or AB40+IAPP-GI hetero-complex was
analyzed by Western blotting of cell lysates with anti-AB40 antibody. The blot shown is
representative of three independent experiments.
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Figure S9. Cellular uptake and lysosomal degradation of IAPP/IAPP-GI hetero-oligomers is
mediated by a rapid IAPP receptor-mediated endocytosis pathway. Aged IAPP alone versus
coincubations with IAPP-GI were added to bone marrow-derived macrophages (BMDMs) at
2 UM and incubated for 2 min, 2 h and 16 h. Upon isolation of lysosomal compartments,
degradation was probed by Western blot with an anti-IAPP antibody. The IAPP monomer
and dimer is indicated by an arrow. Input (500 ng per lane) indicates the amounts of IAPP
and IAPP-GI added to the cell incubations and that the anti-IAPP antibody recognizes both
IAPP and IAPP-GI, although IAPP-GI is recognized at slightly lower binding efficiency. The
blot shown is representative of two (2 h), three (2 min) and four (16 h ) independent
experiments.
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