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of Chemistry Amyloid formation and microbial infection are the two common pathological causes of neurogenerative
diseases, including Alzheimer's disease (AD), type Il diabetes (T2D), and medullary thyroid carcinoma
(MTC). While significant efforts have been made to develop different prevention strategies and preclinical
hits for these diseases, conventional design strategies of amyloid inhibitors are mostly limited to either
a single prevention mechanism (amyloid cascade vs. microbial infection) or a single amyloid protein (AB,
hIAPP, or hCT), which has prevented the launch of any successful drug on the market. Here, we propose
and demonstrate a new “anti-amyloid and anti-bacteria” strategy to repurpose two intestinal defensins,
human a-defensin 6 (HD-6) and human B-defensin 1 (HBD-1), as multiple-target, dual-function, amyloid
inhibitors. Both HD-6 and HBD-1 can cross-seed with three amyloid peptides, AB (associated with AD),
hIAPP (associated with T2D), and hCT (associated with MTC), to prevent their aggregation towards
amyloid fibrils from monomers and oligomers, rescue SH-SY5Y and RIN-m5F cells from amyloid-
induced cytotoxicity, and retain their original antimicrobial activity against four common bacterial strains
at sub-stoichiometric concentrations. Such sequence-independent anti-amyloid and anti-bacterial
functions of intestinal defensins mainly stem from their cross-interactions with amyloid proteins through
amyloid-like mimicry of B-sheet associations. In a broader view, this work provides a new out-of-the-
box thinking to search and repurpose a huge source of antimicrobial peptides as amyloid inhibitors,
allowing the blocking of the two interlinked pathological pathways and bidirectional communication
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1. Introduction , o
and tau,® AB and transthyretin,” hIAPP and insulin,® and hIAPP-
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Amyloid formation and neuroinflammation are the two inter-
linked, pathological hallmarks of many neurodegenerative
diseases, including Alzheimer's disease (AD), type II diabetes
(T2D), medullary thyroid carcinoma (MTC), and Parkinson's
disease (PD).** The amyloid cascade’ is believed to contribute
to the pathology of these diseases via (i) the formation of toxic
amyloid aggregates of different sizes and morphologies with
characteristic B-rich structures and (ii) subsequent accumula-
tion and deposition of these B-structure-rich amyloid aggregates
formed by amyloid-B (AB) in the brain, human islet amyloid
polypeptide (hIAPP) in the pancreas, human calcitonin (hCT) in
the thyroid, and a-synuclein (o-syn) in the brain, all of which
cause cell degeneration/death, tissue dysfunction, and final
behavioral disability. More importantly, apart from amyloid
formation by the same amyloid proteins, different disease-
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a-synuclein,® can co-aggregate and misfold into conformation-
ally and pathologically similar amyloid fibrils (namely, amyloid
cross-seeding).'®"* Amyloid cross-seeding is also considered as
a pathological risk factor to mutually cause and promote each
disease, i.e., one disease can be identified as a risk factor to
increase the possibility of another disease, further complicating
the amyloid cascade scenario.”” The neuroinflammation
cascade for neurodegenerative diseases® is closely linked to
microbial infection by virus (e.g., HSV-1,"* HIV," and HHV-6A"),
bacteria (e.g., gut bacteria,'” liver bacteria Helicobacter pylori,'®
and Chlamydia pneumoniae®), and fungi (e.g., Candida species,
Cladosporium, and Cryptococcus®), which will impair the blood-
brain barrier (BBB), trigger a long-lasting immune response,
and ultimately promote neurodegeneration.*»* Similar to
microbial threats, amyloid aggregates can also be recognized as
undesirable targets by the immune system, which triggers the
long-lasting immune response by stimulating the release of
inflammatory cytokines®?* and the activation of immune cells
(e.g., microglia), ultimately leading to neurodegeneration.
Particularly, bacterial amyloid proteins, as a subgroup of gut
microbiota, share similar structural and aggregation
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characteristics to native amyloid proteins in the central nervous
system (CNS). The exposure to bacterial amyloid proteins in the
gut could cause the priming and enhancing of the immune
response to the endogenous production of neuronal amyloids,
which will translocate across the leaky gut-blood-brain barrier
to interfere with the signaling of the brain in aged or gut-
infected people.

Apart from the independent contributions of amyloid
formation and neuroinflammation to the pathogenesis of
neurodegenerative diseases, a growing body of experimental
and clinical data shows a pathogenic connection, even a loop,
between amyloid formation and neuroinflammation via the
bidirectional, constant communication between amyloid
proteins and gut microbiota,"*?® suggesting a disease mecha-
nism via the brain-gut-microbiota axis.”” While this spreading
mechanism still remains elusive, several lines of evidence have
shown this bidirectional communication between amyloid
proteins and gut microbiota (e.g., bacterial amyloids), probably
because they both exist in the blood circulation and cerebro-
spinal fluid, which raises the possibilities for their co-
aggregation with each other or cross-seeding with other amy-
loidogenic proteins.?**° Evidently, curli produced by Escherichia
coli accelerated a-syn aggregation and motor impairment in
a mouse model.** CsgC as curli-specific operons inhibited the
amyloid formation of both CsgA and a-syn by preventing the -
sheet transition, but had no effect on AB,, amyloid formation.**
FapC amyloid fragments (FapCS) from Pseudomonas aeruginosa
demonstrated their cross-seeding capacity for interacting with
AP and promoting AB aggregation at a 1 : 10 molar ratio in vitro
and in a zebrafish model.*® Additionally, amyloid proteins could
also act as active metabolites of the innate immune system to
affect microbial behaviors. Evidently, AB oligomers can bind to
carbohydrates of microbial cell walls in a heparin-binding
domain, thus endowing antimicrobial activity against fungal
and bacterial infections in cell, nematode, and mouse models of
AD.** Similarly, hIAPP was also found to hinder Staphylococcus
aureus and Escherichia coli bacteria growth.** PAP,,s,5¢ in
human semen can form amyloid-like aggregates (termed Semen
Enhancer of Viral Infection) for enhancing HIV infection.*
These studies demonstrate the cross-seeding between amyloid
proteins and bacterial amyloids through amyloid-like mimicry
of B-sheet associations.

Different from single-targeted amyloid inhibitors with rela-
tively poor marginal benefits from bench to bedside applica-
tions and beyond, antimicrobial peptides could serve as new
amyloid inhibitors with multi-target inhibition activity against
the aggregation of different amyloid proteins and the infection
of different microbes simultaneously. If successful, antimicro-
bial peptides are expected to block different pathological
pathways of amyloid aggregation and microbial infection
towards the onset and progression of PMDs. Conceptually, the
discovery or repurposing of antibacterial peptides, with
intrinsic antimicrobial activity, as amyloid inhibitors is a plau-
sible strategy to achieve both anti-neuroinflammation and anti-
amyloid functions. Particularly, some antibacterial peptides (a-
defensins,***” plantaricin A,* uperin 3.5,** and dermaseptin S9
(ref. 40)) have been found to possess amyloid-like properties in
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terms of their aggregation kinetics and B-rich structures, while
other amyloid proteins (AB,*"** hIAPP,* GNNQQNY,** and
KLVFFGAIL*) have been recognized for their antibacterial and
antifungal activities*”*® against different microorganisms
including Candida albicans, Escherichia coli, Enterococcus faeca-
lis, and Staphylococcus epidermidis.*»****** Given mutual
resemblances in aggregation and structural characteristics
between amyloid proteins and antimicrobial peptides, here, we
discovered and repurposed two intestinal defensins, human a-
defensin 6 (HD-6) and human B-defensin 1 (HBD-1), as amyloid
inhibitors with dual anti-neuroinflammation and anti-amyloid
functions. Selection of HD-6 and HBD-1 is largely attributed
to their existence in intestinal Paneth and epithelial cells, as
well as their important roles in regulating the gut microbial
population/composition/physiology, and intestinal secretion/
viability.”® From a structural viewpoint, both HD-6 and HBD-1 as
cationic peptides contain six cysteine residues to form three
intramolecular disulfide bridges for stabilizing a largely B-sheet
structure, which serves as a critical structural motif to cross-
seed with amyloid peptides to induce new amyloid inhibition
functions (Fig. 1a & S5at). Our collective results showed that
both defensins were able to cross-seed with three different
amyloid proteins, AB, hIAPP, and hCT, at sub-stoichiometric
molar ratios in different bulk, surfactant, cellular, and bacte-
rial environments. Such cross-seeding capacity of both defen-
sins led to three distinct functions: (i) preventing amyloid
formation of AB, hIAPP, and hCT; (ii) protecting different cells
(SH-SY5Y and RIN-m5F) from the respective amyloid-induced
toxicity; and (iii) exhibiting high antimicrobial activities
against four bacterial strains. Given the close pathological links
between amyloid aggregation and microbial infection and
between AD, T2D, and MTC, we demonstrate a new repurposing
strategy to discover antimicrobial peptides (beyond intestinal
defensins) as multiple-target, dual function inhibitors to alle-
viate risk factors of amyloid aggregation, cellular dysfunction,
and microbial infection, which contribute to the progressive
pathogenesis and severity of neurodegenerative diseases.

2. Results and discussion

2.1. General cross-seeding-induced inhibitory ability of
defensins against different amyloid aggregation pathways

Our and other previous studies***® have shown that defensins
and amyloids can form conformationally similar B-sheet-rich
fibrils. Here, we aim to test the “like-interact-like” hypothesis
by examining the cross-seeding possibility between two defen-
sins (HD-6 and HBD-1) and three amyloid peptides (AB, hIAPP,
and hCT) and how such cross-seeding, if occurs, affects amyloid
aggregation. To this end, we examined a total of 6 cross-seeding
systems by co-incubating A, hIAPP, or hCT (20 uM) with HD-6
or HBD-1 (0.1-20 uM) separately at different molar ratios
(1:0.005-1 : 1) at 37 °C for 24-30 h. ThT aggregation profiles in
Fig. 1b show that AB, hIAPP, or hCT alone exhibit typical
sigmoidal nucleation—-polymerization curves, each starting with
a short lag phase of 0.5-5 h, followed by a rapid growth phase of
1-25 h, finally reaching a saturated phase with the highest ThT
intensities of 716, 435, and 1305 a.u., respectively. For

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 HD-6 exhibits a general cross-seeding-induced inhibition capacity against different amyloid aggregation pathways. (a) Sequence and
structure of HD-6, AB, hIAPP, and hCT with B-rich structure. Color ID: positively charged residues (orange letters), negatively charged residues
(blue letters), and B-structure fragments (bold & underline). (b) ThT aggregation kinetic profiles and (c) quantitative analysis of ThT profiles to
show the dose-dependent inhibition effects of HD-6 on AB, hIAPP, and hCT aggregation at different amyloid : HD-6 ratios (1 : 0.005-1: 1).
Inhibition efficiency of HD-6 against amyloid aggregation is determined by the relative final fluorescence intensity (%) as normalized by that of
pure amyloid aggregation (left axis). Error bar represents the standard deviation (s.d.) of triplicate measurements. The corresponding aggregation
rate constant (k) is determined by a time point of t,,, at which the fluorescence intensity reaches half of the maximum fluorescence intensity
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comparison, we first used HD-6 defensin (0.1-20 uM) as a proof-
of-concept example to co-incubate with AB, hIAPP, or hCT (20
uM) and to study their possible cross-seeding effects. At first
glance of Fig. 1c, HD-6 exhibits significant inhibition effects on
amyloid aggregation of the three amyloid peptides (AB, hIAPP,
or hCT) at sub-stoichiometric concentrations (=equimolar
ratio) in a concentration-dependent manner, demonstrating
that HD-6 can interact with the three different amyloid peptides
to inhibit their aggregation. Specifically, at an equimolar ratio,
HD-6 almost completely suppressed both amyloid fibril
formation and the aggregation rate constant (k) of A by 82%
and 96%, hIAPP by 32% and 71%, and hCT by 73% and 92%,
respectively. Even at an amyloid : HD-6 ratio of 1:0.25, HD-6
can still largely reduce AP fibrils by 70%, hIAPP fibrils by
25%, and hCT fibrils by 55%, respectively. To validate the ThT
results, AFM images were recorded at different time points of
kinetics experiments. AFM images of pure amyloid samples (20
uM) showed a large quantity of fibrils being formed at 24 h
incubation, with the average height/length of 13/508 nm by A,
15/483 nm by hIAPP, and 16/477 nm by hCT. The co-incubated
samples of HD-6 with the three amyloid peptides, each with an
equimolar ratio, almost completely suppressed amyloid fibril
formation, as evidenced by the observation that there was no
presence of large mature fibers, instead many discrete oligo-
mers or short protofibrils. Analysis of these aggregates in AFM
images revealed a significant reduction in the average height/
length of 11/60 nm for HD-6-AfB, 7/197 nm for HD-6-hIAPP,
and 7/52 nm for HD-6-hCT systems, respectively (Fig. 1d and e).
The inhibition of amyloid formation by HD-6 and large struc-
tural variance of HD-6-amyloid aggregates as observed with
TEM were corroborated by ThT measurements.

From a structure-transition viewpoint, the secondary struc-
ture distribution of HD-6-amyloid systems (Fig. 1f and S37),
obtained from CD spectra (Fig. S1 & S2t), showed that upon 24-
72 h incubation, (i) pure AB, hIAPP, and hCT (20 uM) adopted
52.4%, 48.5, and 56.4% of B-structure, while HD-6 (20 pM)
retained 52.5% of its dominant disordered structure; (ii) the co-
incubation of HD-6 (20 uM) with the three different amyloid
peptides (20 pM) enabled the B-structure content of Ap aggre-
gates to be reduced to 43.4%, hIAPP aggregates to 36.6%, and
hCT aggregates to 40.2%, respectively. The declining B-structure
content of amyloid aggregates for HD-6 confirms the “like-
interact-like” mechanism that HD-6 likely binds to conforma-
tionally similar B-structure-rich amyloid peptides so as to
prevent the conformational changes from random coils to B-
structures of amyloid aggregates, thus explaining the general
inhibitory capacity of HD-6 for preventing the amyloid fibrilla-
tion of AB, hIAPP, and hCT.

To further explore the fundamental correlation between
antimicrobial and amyloid peptides, we examined another
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defensin-amyloid system (i.e., HBD-1-AB, HBD-1-hIAPP, and
HBD-1-hCT) by studying the cross-seeding of HBD-1 with
different amyloid peptides (AB, hIAPP, and hCT) using the same
aggregation assays. Consistently, co-incubation of HBD-1 (0.1-
20 pM) with amyloid peptides (20 pM) showed a similar cross-
seeding-induced inhibition effect of HBD-1 on the amyloid
aggregation of AB, hIAPP, and hCT (Fig. S51). Evidently, at all
molar ratios of HBD-1:amyloids tested, HBD-1 enabled the final
ThT intensity (an indicator of amyloid fibril amounts) to be
reduced by 44-93%, the aggregation rate (half-time of aggre-
gation) to be decreased by 71-96%, the structural transition
towards B-structures to be delayed, the B-structure content to be
lowered by 4-28%, and the longer and thicker mature fibrils to
be disassembled into shorter and thinner ones. Taken together,
collective results from ThT, AFM, and CD analyses demonstrate
the cross-seeding interactions between the two defensins (HD-6
and HBD-1) and three amyloid peptides (AB, hIAPP, and hCT),
and cross-seeding interactions enable amyloid aggregation
pathways and kinetics to be altered by breaking their B-sheets
and preventing their aggregation towards final fibril formation,
confirming defensins to be effective and general inhibitors of
amyloid peptides.

2.2. Molecular interactions of defensins with different
amyloid proteins and seeds

To gain better insights into amyloid inhibition mechanisms of
defensins, we quantified the binding affinity between 20 uM
defensins (HD-6 and HBD-1) and 2.5-20 uM amyloid peptides
(AB, hIAPP, and hCT) using surface plasmon resonance (SPR).
To this end, defensins of HD-6 or HBD-1 were first covalently
immobilized on carboxymethylated SPR chips via EDC/NHS
coupling, followed by the flow of amyloid solutions through
the defensin-coated channels for determining their specific
binding affinity between immobilized defensins and amyloid
aggregates in a PBS flow (Fig. 2a). At first glance of Fig. S61 & 2b-
d, immobilized HD-6 did not adsorb any lysozyme (as a negative
control), but exhibited a general, specific binding ability to the
three different amyloid monomers in a concentration-
dependent manner. In all three HD-6-amyloid systems, the
HD-6-coated surfaces adsorbed more amyloid monomers as
their concentrations increased from 2.5 to 20 uM, as evidenced
by the increased protein adsorption (PA) from 3.2 to 71 ng cm >
for AB monomers, from 2.4 to 35 ng cm™ > for hIAPP monomers,
and from 6.3 to 49 ng cm~ > for hCT monomers. Additionally,
the equilibrium dissociation constant (Kp) obtained from
binding constant linearization is in agreement with the specific
binding preference for different amyloid proteins as indicated
by different Ky, values, i.e., HD-6 exhibited a decreasing order of
binding affinity: A with a Kp of 0.356 uM > hCT with a K, of
3.774 uM > hIAPP with a Kp, of 6.206 pM (Fig. S7+).

between the baseline and the plateau (right axis). (d) Secondary structure distributions of AB, hIAPP, or hCT (20 uM) in the presence of HD-6 of
0 uM (inner circle), 5 uM (middle circle), and 20 uM (outer circle) concentrations, obtained from circular dichroism (CD) spectra using the BestSel
program. Morphological characterization of cross-seeding aggregates formed by 20 uM amyloid (AB, hIAPP, or hCT) and 5-20 uM HD-6 in (e)
heights and (f) lengths, obtained from the AFM images in Fig. S4.1 The upper, middle, and lower bars define the maximum, mean, and minimum

values of aggregate heights and lengths, respectively.
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Fig. 2 Binding affinity of HD-6 to amyloid aggregates of different concentrations and sizes by SPR. (a) Schematic workflow for immobilizing

defensins on the SPR chip for amyloid binding. SPR sensorgrams to show the adsorption amount (binding preference) of (b) AB, (c

hCT monomers of varied concentrations of 2.5-20 uM on the HD-6
(binding preference) of 20 uM (e) AB, (f) hIAPP, and (g) hCT monomers (
SPR surface.

In parallel to the binding of defensins to amyloid monomers,
we also prepared different preformed amyloid seeds, which
were incubated for different hours (ranging from 0 h to 25 h) to
represent amyloid aggregates at the lag, growth, and equilib-
rium stages, to examine whether defensins have preferential
interactions with some specific amyloid seeds. SPR sensor-
grams in Fig. 2e show that upon flowing three different AR seed
solutions through the HD-6-coated channels, the adsorption
amount of AB on the immobilized HD-6 surfaces decreased with
the aging of AP species. Quantitatively, immobilized HD-6
adsorbed 71 ng cm ™2 of AB monomers, 45 ng cm > of 11 h AB
seeds, and 21 ng cm > of 18 h AP seeds, respectively. This
confirms the general binding ability of HD-6 to all of the three
AP seeds in a seed-dependent way. In the cases of HD-6-hIAPP
and HD-6-hCT systems (Fig. 2f and g), it appears that HD-6
exhibited very weak binding affinities to hIAPP seeds (PA 4p.
napp = 12 ng ecm > and PA j5hnnape = 3.4 ng cm ) and hCT
seeds (PA 4p-ner = 13 ng em > and PA ;5pner = 4.2 ng cm™ %), but
a strong binding affinity to hIAPP and hCT monomers (PA piapp
monomer = 35 Ng cm™~ 2 and PA het monomer = 49 Ng cm ). In the
case of SPR studies for HBD-1-amyloid systems, similar trends
of concentration- and seed-dependent binding abilities of HBD-

© 2022 The Author(s). Published by the Royal Society of Chemistry

¢) hIAPP, and (d)
coated SPR surface. SPR sensorgrams to show the adsorptlon amount
black), oligomers (blue), and fibrillar species (green) on the HD-6 coated

1 to different amyloid proteins were observed (Fig. S8%), ie.,
HBD-1 interacts more preferentially and strongly with (i)
amyloid monomers of higher concentrations than those of
lower concentrations and (ii) amyloid monomers than amyloid
oligomeric and fibrillar aggregates.

To validate SPR results, we performed the parallel ThT
seeding experiments by adding 20 uM defensins (HD-6 or HBD-
1) to 20 uM amyloid seed solutions (AB, hIAPP, and hCT) pre-
incubated for different times. Any signal change in ThT
curves before and after defensin addition will indicate the
occurrence and efficiency of cross-seeding. Time points to add
defensins were selected from Fig. 1b and S5b, corresponding
to different aggregation species of AB, hIAPP, and hCT in the
oligomeric state (i.e., 11 h-incubated AB, 4 h-incubated hIAPP,
and 13 h-incubated hCT) and the fibrillar state (18 h-incubated
AB, 15 h-incubated hIAPP, and 25 h-incubated hCT). In the case
of adding HD-6 (20 uM) to amyloid seed solutions at an equi-
molar ratio, the three HD-6-amyloid systems exhibited similar
ThT kinetic curves in Fig. 3a-c, as indicated by several observ-
able facts: (i) defensins can almost completely suppress A and
hCT fibrillization by 92-96% and largely decrease hIAPP fibril-
lization by 53% from their monomer aggregation (red line); (ii)

Chem. Sci., 2022, 13, 7143-7156 | 7147
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Fig. 3 HD-6 interacts with different amyloid seeds to inhibit their aggregation to different extents. Time dependent (a—c) ThT fluorescence
profiles and (d—f) representative AFM images for pure amyloid proteins (black) and the addition of 20 uM HD-6 to 20 uM (a, d) AB, (b, e) hIAPP, and
(c. f) hCT seeds preformed in the monomeric (red), oligomeric (blue), and fibrillar (green) states. Time points for HD-6 to different amyloid seed
solution are indicated by arrows in ThT profiles, while scale bars are 1 pm in AFM images.

defensins enabled the aggregation and growth of amyloid
oligomers into mature fibrils to be immediately slowed down by
reducing their final ThT intensities by 27-56% (blue line); (iii)
defensins failed to stop amyloid fibrillation or disassemble
existing amyloid fibrils, as shown by the two almost overlapped
ThT curves after adding defensins to amyloid fibrils in the
equivalent state (green line).

Consistently, additional lines of evidence from AFM images
(Fig. 3d-f) at 24 h and 36 h again confirm the various cross-
seeding efficiencies between different amyloid seeds and
defensins. As compared to 20 pM pure amyloid fibrils (black
box) with the average height/length of 13-16/477-508 nm, the
introduction of equimolar HD-6 into amyloid monomer solu-
tions completely eliminated amyloid fibril formation (red box),
but such inhibition efficiency of HD6 decreased with the aging
of amyloid seeds. Specifically, the addition of equimolar HD-6
(20 uM) to amyloid oligomers significantly retarded amyloid
fibril formation, as observed from some short fibrils with the
average height/length of 10/320 nm for AP, 12/248 nm for
hIAPP, and 9/102 nm for hCT, together with very few, small
amorphous aggregates (blue box). However, HD-6 had no
influence on either aggregation or disassembly of the pre-
formed amyloid fibrils (green box). Further, HDB-1 showed
similar cross-seeding-induced inhibition efficacy to amyloid
monomeric, oligomeric, and fibrillar aggregates (Fig. S97).

Taken together, side-by-side result comparison between pure
amyloids and amyloid-defensin systems using ThT, CD, AFM,
and SPR data reveals the dose- and sequence-dependent inhi-
bition effects of defensins on amyloid aggregation. Specifically,
both HD-6 and HBD-1 exhibit sequence-dependent inhibition

7148 | Chem. Sci., 2022, 13, 7143-7156

efficiency against amyloid aggregation in a decreasing order of
AB > hCT > hIAPP. Such differences are likely attributed to
different electrostatic interactions between defensins (+2e for
HD-6 and +3e for HBD-1) and amyloid peptides (—3e for AB, Oe
for hCT, and +2e for hIAPP). Fundamentally, the inhibition
capacity of both HD-6 and HBD-1 mainly stems from their
effective interaction with amyloid monomers and oligomers to
alter their structural transitions and aggregation pathways at
the early aggregation stages, but not amyloid fibrils probably
because they are too stable to be disrupted. Different binding
affinities of defensins to amyloid proteins, depending on their
sequences, concentrations, and seeds of amyloids, clearly
indicate the existence of different cross-seeding barriers and
competitive interactions between defensins and amyloids,
again supporting the defensin binding-induced (cross-seeding-
induced) amyloid inhibition mechanism.

2.3. Defensins alleviate amyloid-induced cell toxicity

It is generally accepted that amyloid aggregates are key patho-
logical species that cause cell degeneration and death associ-
ated with PMDs.*”*® Thus, inhibition of amyloid aggregation is
considered as a critical and promising strategy for the preven-
tion and treatment of PMDs. On the other hand, inhibition of
amyloid aggregation does not necessarily lead to the reduction
of amyloid toxicity, because amyloid oligomerization and
fibrillization could be different pathological pathways. Here,
upon demonstrating the amyloid inhibition properties of
defensins, we continued to explore whether such inhibition
performance of defensins can rescue cells from amyloid-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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20 pM AB

+20 uM HD-6

20 uM hIAPP +20 uM HD-6

20 pM hCT +20 pM HD-6

Fig. 4 HD-6 rescues cells from amyloid-induced cytotoxicity. Dose-dependent protection role of HD-6 in (a) AB-, (b) hIAPP-, and (c) hCT-
mediated cytotoxicity using cell viability from the MTT assay (red bar, left axis) and cell cytotoxicity from the LDH assay (blue bar, right axis), in
which SH-SY5Y cells or RIN-m5F cells are treated with amyloid (20 uM) with and without 0.1-20 uM HD-6 for 24 h. Statistical analysis (n = 3) was
conducted for cells treated with HD-6 or amyloid proteins alone relative to control (°, p < 0.05; °°, p < 0.01; °°°, p < 0.001), as well as cells treated
with both HD-6 and amyloid proteins relative to cells treated with amyloid proteins alone (*, p < 0.05; ** p < 0.01; *** p < 0.001). (d)
Representative fluorescence microscopy images of cells upon treatment with 20 pM HD-6 (1% column), 20 pM amyloid proteins (2" column),

and their cross-seeds (3™ column) for 24 h. Scale bars = 180 pm.

mediated cytotoxicity. Given the three different amyloid
peptides to be tested, different cell lines were chosen and used
in MTT, LDH, and live/dead assays to study amyloid-induced
cytotoxicity, i.e., the human neuroblastoma SH-SY5Y cell line
for AB- and hCT-involved systems, while the rat pancreatic
insulinoma RIN-m5F cell line for hIAPP-involved systems. As
a control, both defensins of 1 uM were non-toxic to SH-SY5Y and
RIN-m5F cells as evidenced by 97-99% cell viability and 0.5-
2.6% cytotoxicity, while defensins of 20 ptM were non-toxic to
RIN-m5F (97-99% of cell viability and 1.1-1.2% of cytotoxicity),
but little toxic to SH-SY5Y (76-79% of cell viability and 15-17%
of cytotoxicity). This indicates that pure defensins show
concentration-dependent and cell-specific cytotoxicity. In sharp
contrast, pure AB, hIAPP, and hCT were highly toxic to cells by
decreasing their cell viability to 31%, 55%, and 67% and
increasing cell toxicity to 33%, 25%, and 35%, respectively
(Fig. 4a-c & S10a-c¥).

In parallel, when co-incubating defensins with amyloid-
treated cells, all of the six defensin—amyloid systems exhibited
an increase of cell viability and a decrease of cytotoxicity to
some extent as compared to the corresponding amyloid systems
alone. Specifically, for the HD-6-AB systems, 0.1 uM of HD-6
enabled SH-SY5Y cells to be rescued from AB-induced toxicity
by improving cell viability by 36% and reducing cell cytotoxicity

© 2022 The Author(s). Published by the Royal Society of Chemistry

by 24%, respectively. On the other hand, defensin concentration
is a double-edged sword, i.e., while the increase of defensin
concentration can be more effective in preventing amyloid
aggregation, it also caused more cell death due to its intrinsic
toxicity to some cell types. Evidently, HD-6 of 10 uM improved
the cell viability by 48% and decreased the cell toxicity by 33% in
the presence of AP and cells, but doubling the concentration of
HD-6 to 20 pM only increased the cell viability by 55% and
decreased the cell toxicity by 30% (Fig. 4a). In the case of HD-6-
hCT systems, HD-6 of different concentrations between 0.1 and
20 uM exhibited a similar protection effect on hCT-induced cell
death, as indicated by increasing cell viability by 3-7% and
decreasing cell toxicity by 15-18% (Fig. 4c). For the HD-6-hIAPP
system, thanks to the non-toxicity of defensins for RIN-m5F
cells, HD-6 of different concentrations (0.1-20 uM) exhibited
cell protection effects on RIN-m5F cells. As defensin concen-
trations increased from 0.1 to 20 uM, HD-6 increased the cell
viability from 54% to 85% and decreased the cell toxicity from
25% to 14% (Fig. 4b).

Similarly, HBD-1 exhibited concentration-dependent cell
protection effects on the HBD-1-Af system and HBD-1-hCT
system, but not on the HBD-1-hIAPP system. Specifically, HBD-
1 can protect SH-SY5Y cells from AB-induced toxicity by
improving the cell viability by 35-51% and reducing the cell
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cytotoxicity by 24-25% (Fig. S10at) as the HBD-1 concentration
increased from 0.1 to 10 uM. The use of 20 uM of HBD-1
weakens its cell protection effect, as indicated by a cell
viability of 42% and cell cytotoxicity of 15%. For HBD-1 and hCT
systems, HBD-1 showed an optimal concentration of 1 UM to
achieve its maximal cell protection with 84% of cell viability and
19% of cytotoxicity. Further increase of HBD-1 concentration to
20 uM led to a gradual decrease of cell viability to 61% and an
increase of cytotoxicity to 20% (Fig. S10ct). This again indicates
that there exists a balance between defensin-inhibition-induced
cell protection and defensin-concentration-induced cell death
for SH-SY5Y cells. In the case of HBD-1-hIAPP systems, HBD-1
showed a dose-dependent cell protection effect on RIN-m5F
cells, in which the increase of HBD-1 concentration from 0.1
to 20 uM led to an increase of cell viability from 54% to 86% and
a decrease of cell toxicity from 25% to 9% (Fig. S10b¥).
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Seeing is understanding. A live/dead cell assay was per-
formed by staining live cells with Calcein AM (green) and dead
cells with ethidium homodimer-1 (red). Upon overlaying both
the green and red fluorescent images on the top of each other, it
can be clearly seen in Fig. 4d & S10d+ that defensins were almost
non-cytotoxic to cells, while amyloids alone caused a significant
extent of dead cells. Meanwhile, the same stoichiometry used in
MTT assays that exhibits the best protection efficiency was also
used in live/dead assays, i.e., 20 pM defensins were used in HD-
6-AB, HD-6-hIAPP, HD-6-hCT, and HBD-1-hIAPP systems, 10
UM defensins in the HBD-1-hIAPP system, and 1 uM defensins
in the HBD-1-hCT system. The results showed an appreciable
reduction in the number of dead cells, which reinforces the
protection role of defensins in amyloid-induced cell toxicity.
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Fig. 5 HD-6-amyloid heterocomplex retains a broad-spectrum antimicrobial activity. Antimicrobial activity of 20 uM HD-6, 20 uM amyloid
peptides, and cross-species of HD-6-amyloid peptides against Gram-negative (a) E. Coli and (b) P. aeruginosa, and Gram-positive (c) S. aureus
and (d) S. epidermidis quantified by the final bacterial density. Bacterial density is determined by ODgqo. (€) Representative fluorescence
microscopy images of E. coli treated with freshly prepared amyloid peptides (20 pM) in the absence and presence of 20 uM HD-6. Red fluo-
rescent propidium iodide and green fluorescent SYTO 9 are used to identify dead bacteria with damaged membranes and live bacteria with intact

membranes, respectively. Scale bars = 180 pm.
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Fig. 6 Historical literature review of the first-discovered or important
amyloid inhibitors of different types.

2.4. Cross-seeds of defensins-amyloids retain antimicrobial
properties

Considering that the “amyloid cascade” and “microbial infec-
tion cascade” are two of the main mechanisms accounting for
the pathogenesis of protein misfolding diseases, here we
further tested the antimicrobial activity of defensins, amyloid
peptides, and their heterocomplexes against both representa-
tive Gram-negative bacterial strains of Escherichia coli (E. coli)
and P. aeruginosa (P.A.) and Gram-positive bacterial strains of S.
aureus (S.A.) and S. epidermidis (S.E.) (Fig. S11}). As summarized
in Fig. 5a-d and S12, both defensins and amyloid peptides
demonstrated some broad-spectrum antimicrobial activities
against the four bacterial strains to different extents, with the

-~

D e Le [ —
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best case showing 0.54-log reduction in bacterial growth. Both
defensins and amyloid peptides displayed their antimicrobial
activities against the four different bacterial strains in
a descending order of S.E. > E. coli > S.A. > P.A. As compared to
Gram positive pathogens of S.A. and S.E., Gram-negative path-
ogens of E. coli and P.A. possess an outer cell membrane and
powerful molecular efflux pumps that prevent the cell entry of
many categories of antimicrobial molecules.*** Moreover, it is
not surprising to observe that both defensins, due to their
intrinsic bacteria-killing ability, have higher antimicrobial
activity than amyloid peptides. Between them, HD-6 was more
effective in killing bacteria and inhibiting bacterial growth than
HBD-1. Such common and broad-spectrum antimicrobial
ability of defensins and amyloid peptides is mainly contributed
by their cell membrane disruption capacity.

Upon demonstrating the effective antimicrobial activity of
pure defensins or amyloid peptides, it is more interesting to
examine whether and how defensin-amyloid heterocomplexes
could alter their antimicrobial activity as compared to their
pure counterparts. To achieve this goal, we co-incubated
defensins and amyloid peptides (20 pM) at an equimolar ratio
for 1 h and then added it into the bacterial solution. The ODg(,
values in Fig. S117 clearly show that apart from a few exceptions,
the co-assemblies of defensins with the three different amyloid
peptides can improve/retain their antimicrobial activities, as
compared to their pure amyloid peptides or defensins. In the
best cases, the co-incubation of HD-6 and amyloid peptides
significantly enhanced their antimicrobial activities by 27-33%
as compared to pure HD-6 and by 43-67% as compared to pure
amyloid peptides. Similarly, such improved antimicrobial
capacity can also be observed in the case of HBD-1-amyloid
systems, as evidenced by the 1.8-15% and 7-36% higher anti-
microbial capacities of HBD-1-amyloid cross-seeds than those
of pure amyloid and pure HBD-1, respectively.

In principle, molecular interactions between antimicrobial
molecules (including defensin-amyloid cross-seeds) and
bacteria and the permeation of such molecules into bacteria

amyloid monomers
amyloid oligomers

amyloid fibrils

= defensins
A= cell membrane
E—— ;
b bacteria membrane
AR Py A
C I ) or s or ‘f‘ 5
barrel-stave toroidal-pore carpet

Fig. 7 Hypothetical inhibition mechanisms of defensins against amyloid aggregation and toxicity via (a) anti-amyloid aggregation, (b) cell-

protection, and (c) antimicrobial activity.
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have a major impact on the susceptibility of microorganism to
these molecules. In this study, due to the complicated cell walls
or outer membranes of bacteria and the presence of different
defensin-amyloid heterocomplexes, it is not surprising to
observe different antimicrobial activities of defensin-amyloid
heterocomplexes. Among different bacterial strains, P.A. is the
most stubborn bacterial strain, and its outer membrane
permeability to small antibiotics is approximately 10 times
smaller than that of E. coli.** Therefore, all of the defensin-
amyloid heterocomplexes appeared to have weak antimicrobial
activity against P.A. (Fig. 5b and 12b). In contrast, Gram-positive
S.E. can be readily killed by pure amyloids and defensins, as
evidenced by 31-43% reduction in live bacteria. More impor-
tantly, amyloids and defensins can work together to induce
synergistic effects on preventing the growth of S.E. bacteria,
which leads to a further S.E. reduction of 45-71% (Fig. 5d and
12d). In the case of E. coli and S.A., defensin-amyloid hetero-
complexes generally present a comparable or even higher anti-
microbial activity than their corresponding defensins and
amyloids alone. However, several exceptions were also observed
presumably due to the natural antimicrobial/antibiotic resis-
tance of E. coli and S.A. For instance, HD-6-hIAPP (14%, Fig. 5a)
and HBD-1-AB (5.4%, Fig. S12at) heterocomplexes exhibited
a much weaker antimicrobial activity against E. coli than pure
HD-6 (58%) and HBD-1 (14%). hCT-HD-6 (15%, Fig. 5¢) and
hIAPP-HBD-1 (15%, Fig. S12ct) heterocomplexes show weaker
antimicrobial activity against S.A., as compared to HD-6 (24%)
and HBD-1 (16%)-induced antimicrobial activity against S.A.

Additionally, Live/Dead staining was further performed to
distinguish the live (green) bacteria and dead bacteria (red). As
shown in Fig. 5e & S13,} all the bacterial strains without any
treatment displayed massive green fluorescent signals, an
indicator of normal bacterial growth. In contrast, all the
samples treated with defensin and/or amyloids exhibited
significant antimicrobial properties as evidenced by decreased
bacterial density (i.e., less fluorescent signal) and live/dead ratio
of bacteria (i.e., green/red ratio), thus again confirming that
defensin-amyloid assemblies still retain bacterial killing
properties.

3. Outlook and conclusions

The amyloid cascade caused by amyloid aggregation and neu-
roinflammation caused by microbial infection are considered
as the two interconnected, pathological risk factors for initi-
ating and promoting the onset and progression of neurode-
generative diseases. Due to the complex, multifactorial causes
of neurodegenerative diseases, the cross-seeding (cross-
interactions) of different amyloid proteins, together with the
co-occurrence of different neurodegenerative diseases, indi-
cates that single-target amyloid inhibitors against specific
single amyloid proteins (AB, hIAPP, or hCT) are inefficient to
modulate the co-aggregation pathways of different amyloid
proteins, while the interlinked pathological risk factors between
amyloid formation and neuroinflammation suggest that
a single prevention mechanism is very unlikely to stop amyloid
propagation and spreading via the brain-gut-microbiota axis.

7152 | Chem. Sci, 2022, 13, 7143-7156
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Different from the conventional amyloid inhibitors of small
molecules,®>*® nanoparticles,** polymers,* and peptides®®*’
with single-target or single-function properties (Fig. 6), it is
highly desirable, but has proved to be very challenging, to
develop new amyloid inhibitors capable of preventing amyloid
formation and microbial infection simultaneously. Conceptu-
ally, antimicrobial peptides, due to their intrinsic antimicrobial
activity, could serve as a huge and native source, but are much
less explored, for repurposing them as potential and effective
amyloid inhibitors. More importantly, some amyloid and anti-
microbial peptides have been found to share certain structural
and functional properties, ie., several amyloid proteins are
recognized for their antimicrobial activity, while some antimi-
crobial peptides possess amyloid-like properties to self-
aggregate into B-structure rich fibrils. These lines of evidence
raise the possibilities of co-aggregation and cross-seeding
between amyloid proteins and antimicrobial peptides. Thus, it
is hypothesized that the cross-seeding of antimicrobial peptides
with amyloid proteins could deliver both anti-amyloid and
antimicrobial properties against the two pathological pathways
of neurodegenerative diseases.

To test this hypothesis, we discovered and repurposed two
intestinal defensins, HD-6 and HBD-1, as multiple-target, dual-
function, amyloid inhibitors beyond few available today by
demonstrating their (i) cross-seeding capacity with three
different amyloid proteins, AB, hIAPP, and hCT and (ii) cross-
seeding-induced anti-amyloid and antibacterial functions.
Evidently, both defensins exhibited a general inhibition ability
to prevent amyloid formation of AB, hIAPP, and hCT, but with
different inhibition efficiencies that depend on amyloid
sequences, concentrations, and aggregate states. Both defen-
sins can significantly prevent amyloid formation from their
monomers by up to 49-93% and from their oligomers by 27—
56%, but not from their fibrillar species. Such differences in
inhibition efficiency indicate the existence of cross-seeding
barriers between intestinal defensins and amyloid proteins/
aggregates. At the cellular level, both defensins enabled SH-
SY5Y and RIN-m5F cells to be rescued from amyloid-induced
cytotoxicity by increasing ~35% of cell viability and reducing
~24% of cytotoxicity. Apart from the amyloid inhibition func-
tion, defensin-amyloid assemblies can possess similar or even
better antibacterial activities against both Gram-positive and
Gram-negative bacteria as compared to pure defensins alone.

From a mechanistic viewpoint, the addition of defensins can
act as a protective coating to either stabilize the native folded
structures of amyloid monomers to prevent them from further
misfolding and aggregation or bind to amyloid oligomers to
disrupt their active aggregation sites including the B-sheet
structure, specific residues, and peptide associations®® (Fig. 7a).
Our cell assay results showed that as compared to highly toxic
amyloid oligomers that often disrupt the structure and function
of cell membranes, defensin-amyloid cross-seeds at the
expense of amyloid homo-seeds not only showed much less cell
cytotoxicity, but also reduced amyloid homo-seed-induced cell
toxicity® (Fig. 7b). Further, due to the presence of defensins in
cross-seeds, they are still able to retain their intrinsic antimi-
crobial activity to some extent. Given that both defensins are

© 2022 The Author(s). Published by the Royal Society of Chemistry
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rich in both hydrophobic and positively charged residues, the
cationic residues (Lys or Arg) have a strong tendency to interact
with negatively charged phospholipid head groups of the cell
membrane for “anchoring” the cross-seeds at the membrane
interface. Upon initial and loose membrane binding, hydro-
phobic residues, particularly ring-containing residues (Trp or
Tyr), drive the cross-seeds to be partially or fully penetrated into
the hydrocarbon core of lipid bilayers. As a result, depending on
complex peptide-membrane interactions, insertion of cross-
seeds or pore formation by cross-seeds is likely to occur,
where both peptides and lipids can mutually adjust their
conformations for accommodating membrane insertion and
pore formation scenarios™ (Fig. 7c). Of note, the non/less
toxicity of amyloid-defensin cross-seeds is likely attributed to
several factors: (i) bacterial cell membranes are more negatively
charged than host cell membranes, thus exerting stronger
binding affinities to bacterial membranes than host cell
membranes;”* (ii) cholesterols in host cell membranes act as
a membrane stabilizing agent for protecting host cells from
attack by amyloid-defensin cross-seeds;> and (iii) the trans-
membrane potential of bacteria is much higher than that of
host cells, thus rendering higher steric barriers for peptides to
transport through the bacterial membranes.” Taken together,
our findings provide a new proof-of-concept strategy to repur-
pose antimicrobial peptides as amyloid inhibitors beyond few
available today, which will greatly expand potential therapeutic
drugs for amyloid diseases associated with the amyloid forma-
tion and microbial infection cascades. From a broader view,
parallel efforts should be made to apply the data-driven,
machine-learning approaches to computationally screen and
identify some antimicrobial peptides as new amyloid inhibitors
with built-in bacterial killing and amyloid inhibition functions
from a huge dataset of existing antimicrobial peptides.
Presumably, these repurposed antimicrobial peptides could
serve as another pool or platform for researchers to explore their
new structures and functions (e.g., biosensing, bioimaging, and
tissue engineering) via different chemical or physical modifi-
cations (e.g., conjugation with nanoparticles and polymers),
which has not been achieved before.
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