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Abstract.

Background: Aggregated forms of the amyloid-f3 (AB) peptides which form protofibrils and fibrils in the brain are signatures
of Alzheimer’s disease (AD). Aggregates are also recognized by microglia, which in early phases may be protective and
in later phases contribute to the pathology. We have identified several small molecules, decoys which interfere with AP
oligomerization and induce other aggregation trajectories leading to aggregated macrostructures which are non-toxic.
Objective: This study investigates whether the small-molecule decoys affect microglial activation in terms of cytokine
secretion and phagocytosis of A peptide.

Methods: The effects of the decoys (NSC 69318, NSC 100873, NSC 16224) were analyzed in a model of human THP-1
monocytes differentiated to microglia-like cells. The cells were activated by AR,y and AB4, peptides, respectively, and after
treatment with each decoy the secreted levels of pro-inflammatory cytokines and the A phagocytosis were analyzed.
Results: NSC16224, which generates a double-stranded aggregate of thin protofibrils, was found to block AB4- and AR4,-
induced increase in microglial secretion of pro-inflammatory cytokines. NSC 69318, selective for neurotoxicity of AB4,, and
NSC 100873 did not significantly reduce the microglial activation in terms of cytokine secretion. The uptake of AB4, was
not affected by anyone of the decoys.

Conclusions: Our findings open the possibility that the molecular decoys of A3 aggregation may block microglial activation
by AB4 and AR, in addition to blocking neurotoxicity as shown previously.
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disease leading to dementia and severe disabilities
for those afflicted. The neuropathological charac-
teristics in the brain consist of so-called amyloid
plaques, neurofibrillary tangles, neuronal cell death
and inflammation. The amyloid plaques are aggre-
gates of amyloid-B (AB) peptides, derived from
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the amyloid-3 protein precursor (ABPP). AP is a
potent pro-inflammatory signal inducing the activa-
tion of microglial cells and astrocytes, and the ensuing
production and release of proinflammatory signals
such as cytokines!'? as well as cytotoxic factors.?
Proinflammatory cytokines have been shown to stim-
ulate the synthesis of ABPP and its metabolism to
AP peptides>* resulting in a vicious circle leading
to continuous inflammation and nerve cell death.’
Inflammation is normally down-regulated when the
injurious agent has been removed and this process has
been named resolution of inflammation.® The resolu-
tion is mediated by so called pro-resolving lipid medi-
ators (SPMs)’ and a dysfunctional resolution leads to
chronic inflammation, as seen, e.g., in diseases such
as cancer, rheumatoid arthritis, and periodontal dis-
ease (see®). In AD, the continuous presence of AB
peptides likely leads to a sustained inflammation. Fur-
thermore, a dysfunction in the resolution in the AD
brain is supported by reduced levels of SPMs in the
brain®!! and cerebrospinal fluid (CSF).10:12 Thys,
together with a dysfunctional resolution, the presence
of AP peptides would lead to a chronic inflammatory
state that is harmful to the brain.

A peptides readily form several different aggre-
gates. After the first nucleation step, A peptides
form low-molecular weight oligomers (less than
8-mer) containing both fibrillar and non-fibrillar
species.!31% These further form protofibrils and
mature fibrils or high-molecular weight oligomers.
Among the different aggregational forms, oligomeric
forms have been shown to be most toxic and
prone to induce inflammation. To inhibit aggre-
gation would be a way to reduce toxicity and
inflammatory responses. In early work we identi-
fied a central sequence for aggregation, APi6—20
(KLVFF), and by adding this peptide (or an
extended variant) we could block the aggregation. '
We searched the NCI compound depository
(https://cactus.nci.nih.gov/download/nci/) for poten-
tial inhibitors of aggregation aiming at the first
step in this process. The search identified a few
compounds that strongly affected the aggregation tra-
jectory which we named decoys. Aggregates were
still formed, but they showed reduced toxicity, topol-
ogy of aggregates was altered, and fibril formation
was blocked.'® The remarkable topological changes
might have consequences for neuroinflammation.

In the present study we investigated whether the
identified compounds (decoys) also affected the pro-
inflammatory effects of A3 in a human microglia cell
model. The main forms of A identified in AD brain

are APB4o and AB42, and the compounds were tested
against both of these peptides.

MATERIALS AND METHODS
Small molecule compounds

Small molecule AB aggregation decoys have
been described previously.! In this paper we used
the chemical compound names NSC 69318, NSC
100873, and NSC 16224 which were labelled
as #5, #7, and #2-2 in the previous work.
Information on the compounds is available via
National Cancer Institute (NCI); Downloadable
structure files of NCI Open Database Compounds:
Release 4.2012. https://cactus.nci.nih.gov/ down-
load/nci/ (last accessed 17 September 2022). All
compounds were dissolved in 20 mM HEPES buffer
(pH 7.4) to 10mM molar concentration as a stock
solution. Molecular structures are shown in the Sup-
plementary Figure 1.

AB peptide preparation

The production and purification of A peptides
were performed as previously described.!”1® In brief,
the 40 or 42 amino acid residues of AR, APRi1—a0
(AB4o) or AB1—42 (AB42) were fused to the NT*
tag and expressed in BL21(DE3) E. coli. The fusion
protein NT*-AB4 and NT*-AB4, were purified
with a Ni-NTA column, cleaved by NT*-Tev!8 and
lyophilized. The lyophilized powder of each protein
was solubilized in 20 mM Tris pH 8.0 with 7 M guani-
dium chloride, and the AB4p and AB42 monomers
were isolated, respectively, by a Superdex30 26/600
column (Cytiva) in 1 x phosphate buffered saline
(1 x PBS). The concentrations of AB4p and APa4>
monomers were determined by measurement of
absorbance at 280 nm and 300 nm with an extinction
coefficient of 1424 M~ cm™ for (A280-A300). The
purified AB4o and AB4> monomers were aliquoted
in low-binding tubes and stored at —20°C. The
oligomeric states of APs> were analyzed using
Thioflavin T (ThT) with confocal laser scan-
ning microscopy (Supplementary Figure 2). ThT
molecules were excited with 458 nm laser and flu-
orescence was detected in 530—-610 nm.

Fluorescently labelled AB4>, HiLyte Fluor™ 488-
ABs> (AP42-488) was purchased from AnaSpec,
Fremont CA. The lyophilized powder of AR42-488
was reconstituted using the company protocol
(https://www.anaspec.com/assets/d84c5199-d8fe-45
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b2-alfb-3222206ad00b/tds-en-as-60479-01-beta-
amyloid-1-42-hilyte-fluor-488-labeled.pdf). The
0.1 mg of APR42-488 was reconstituted by adding
50 nL 1% NH40H, followed by the dilution with
1 x PBS as a 200 uM stock solution. The stock
solution was stored at —20°C.

Cell culture

Human monocytic THP-1 cells (LGC Standards,
Teddington, UK) were maintained at 37°C with
5% CO; in RPMI1640 modified with L-glutamine,
HEPES, Phenol Red, sodium pyruvate, high glucose
and low sodium bicarbonate (A1049101; Gibco) and
supplemented with 10% fetal bovine serum (FBS)
and 50nM B-mercaptoethanol. THP-1 cells were
spun down at 200 x g for 5 min. Cell pellets were sus-
pended with culture medium described above, seeded
in T175 red-capped cell culture flasks (Sarstedt, Hels-
ingborg, Sweden).

For THP-1 cell differentiation, the pellet of
THP-1 cells after the spin-down was suspended
with  RPMI1640 medium containing 50ng/mL
phorbol 12-myristate 13-acetate (PMA) accord-
ing to previously used protocol.!® THP-1 cells
(2.5 x 10* cells/well or 6.0 x 107 cells/well) were
seeded in 24-well plates (VWR) for ELISA or 6-well
plates (VWR) for phagocytosis analysis. The cells
were differentiated for 3 days.

ELISA for secreted IL-6 and TNF-«a levels

Stock solutions of 179 uM AB4¢ and 40 uM AB4;
in 1 x PBS were slowly thawed on ice to avoid
aggregation and diluted to 10 uM AB40 and 5 pM
AB42 with RPMI1640 medium in low-binding tubes.
The same molar concentration of the small molecule
compounds was added to the AB solution (10 uM
in AB4p and 5 pM in AB4, solution, respectively).
The differentiated THP-1 (dTHP-1) cells were incu-
bated with 350 p.L of these combined solutions, with
AR or AB4y (each alone), or with the compounds
alone in RPMI1640 medium as negative control at
37°C for 24 h after which the medium was collected
in low-protein binding tubes and stored shortly at
-20°C.

ELISA experiments were performed according
to the protocol for human interleukin-6 (IL-6)
DuoSet ELISA and human tumor necrosis factor
(TNF)-a DuoSet ELISA (DY206-05 and DY210-05;
Biotechne R& D systems). Briefly, capture antibod-
ies were absorbed in 96-well black plates (Thermo

Fisher) and excess antibodies were washed after 24 h
with PBS containing 0.05% Tween-20. The plates
were incubated with blocking buffer (PBS with 1%
BSA). The samples of culture media were thawed
and centrifuged at 1000 x g for S min, and the super-
natant collected and diluted twice with the blocking
buffer, followed by adding 100 wL of the mixture to
the plates. On the same plates, recombinant human
IL-6 or recombinant human TNF-« were added in dif-
ferent dilutions for the standard curves according to
the instructions by the company. Following incuba-
tion with detection antibodies and Streptavidin-HRP,
the plates were incubated with HRP substrate in
QuantaRed Enhanced Chemifluorescent HRP Sub-
strate Kit (Thermo Fisher) for 10 min, and the signals
were recorded by a plate reader, CLARIOstar! /s
(BMG LABTECH).

Data analysis was performed using two softwares,
CLARIOstar — Data Analysis and SMART Control
Data Analysis. Fitting a four-parameter logistic curve
to standard data from both recombinant IL-6 and
TNF-o (Supplementary Figure 3), the fluorescence
signal in each sample was transformed to the con-
centration of IL-6 and TNF-« respectively.

Phagocytosis analysis using flow-cytometry

Stock solution of 200 uM AB42-488 was diluted
to 200 nM molar concentration with RPMI1640.
The same molar concentration of the compounds
was added to the APB42—488 solution as sample
or to RPMI1640 as negative control. dTHP-1 cells
seeded in 6-well plates were incubated at 37°C for
20min with 1 mL of the following solutions: each
small molecule compound alone, AR42-488 alone or
both AB42-488 and compounds. Subsequently, the
dTHP-1 cells were washed twice with PBS and incu-
bated with 2 mL TryPLE Select (Gibco) at 37°C for
20 min. Bright-field microscopy confirmed detach-
ment of the cells from the plates. The cell-containing
solution was centrifuged at 1530 g for 10 min and
the resulting pellet washed twice with FACS buffer
(PBS with 2% FBS). After the final centrifugation,
the cells were fixed with 4% paraformaldehyde in
PBS at room temperature for 45 min, followed by
washing twice with FACS buffer. Finally, the dTHP-
1 cells were suspended in PBS and 50,000 cells
were loaded in a flow-cytometer (BD Accuri™ C6
Plus Flow Cytometer) for analysis of phagocytosis of
AP42-488. Untreated dTHP-1 cells were analyzed in
the flow-cytometer to set the region of interest (ROI)
for data collection by scattering light.
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Fig. 1. Compound NSC 16224 inhibits AB4;-induced secretion of IL-6 and TNF-« from human microglia-like cells. Differentiated
human THP-1 (dTHP-1) cells were incubated with vehicle, 5 uM of each compound, 5 uM AB42, or 5 uM A4z + 5 uM of the compound
for 24 h. IL-6 (A) and TNF-« (B) were analyzed by ELISA in 6 independent experiments.

To calculate phagocytic cell numbers and average
fluorescence intensity, a threshold of autofluores-
cence intensity was set as the fluorescence intensity
with 1% cross-section of untreated dTHP-1 cells.

Confocal laser scanning microscopy (CLSM)
imaging of ABay phagocytosis

The THP-1 cells (2.0 x 10% cells/well) were dif-
ferentiated on the 96-well chambered cover glass
(n-Plate 96 well Black; ibidi) for 3 days. After dif-
ferentiation, the cells were incubated with 200 nM
AB42-488 in the absence or presence of the same
molar concentration of small molecule decoys (NSC
69318, NSC 100873, NSC 16224) for 20 min. The
cells were washed twice with phenol-red free RPMI
1640 medium (Gibco). The cells were further stained
with Hoechst33342 (NucBlue Live ReadyProbes
Reagent; Invitrogen) followed by washing twice with
phenol-red free RPMI 1640 medium.

CLSM imaging was performed using the LSM880
(Carl Zeiss) microscope system equipped with a
405 nm laser, 488 nm Ar-ion laser, and a water immer-
sion objective lens (C-Apochromat, 40x, 1.2N.A.,
Corr, Carl Zeiss), a gallium arsenide phosphide
(GaAsP) detector and photomultiplier tube (PMT)
detectors. Hoechst33342 and HiLyte488 were excited
using the 405 nm laser and 488 nm laser, respectively.
The pinhole size was adjusted to 1 AU (32 um in
Hoechest33342 ch.; 39 wm in HiLyte488 ch.). Both
fluorescence signals were split by diffraction grat-
ing, introduced to a PMT detector (Hoechst33342;

410-510nm) and a GaAsP detector (HiLyte48S;
493-630nm). To avoid crosstalk signal, the multi-
track mode was used. During imaging with the laser
at 488 nm, another PMT detector collected the trans-
mitted laser to confirm intact cell morphology.

Statistics

All statistical analyses were performed using
the Origin Data Analysis and Graphing Software
(OriginLab Corporation, USA). The results are
expressed as scatter plots in bar graphs as mean =+ SD.
p <0.05 was considered statistically significant. One-
way ANOVA were used to test for group differences,
with the Tukey post hoc test. Results of all com-
binations in Tukey post hoc test were shown in
Supplementary Tables 1-3.

RESULTS

Small-molecule decoy reduced the
pro-inflammatory effects of AB peptides

We have previously characterized the effects
of small-molecule decoys on A3 aggregation and
cytotoxicity.'® Since AR is known to induce pro-
inflammatory effects, including secretion of the
pro-inflammatory cytokines IL-6 and TNF-« from
human microglia,'® we assessed the effect of the
small molecule decoys on the secretion of IL-
6 and TNF-« (Fig. 1). The dTHP-1 cells were
incubated with AB4; and/or small-molecule decoys
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Fig. 2. Compound NSC 16224 inhibits AB49-induced secretion of IL-6 and TNF-« from human microglia-like cells. Differentiated
human THP-1 (dTHP-1) cells were treated with vehicle, 10 wM of each compound, 10 uM ABy49, or 10 uM AB4p + 10 M of the compound
alone for 24 h. IL-6 (A) and TNF-« (B) were analyzed by ELISA. Six (6) independent experiments were performed.

(NSC 69318, NSC 100873, NSC 16224). The decoy
molecules alone did not affect the secretion of IL-6
or TNF-«, whereas presence of AP4, induced their
secretion from the dTHP-1 cells (Fig. 1).

NSC 16224 was found to block the AB42-induced
increase in released cytokines. Earlier studies showed
that oligomeric Af342 was more potent in inducing
microglial TNF-o production than fibrillar AB42°
suggesting that NSC 16224 suppressed formation
of oligomeric forms of AB4. NSC 100873 which
was characterized as an inducer of sheet-like A
aggregates'® had no effect (Fig. 1). NSC 69318 which
was found to selectively affect AB4y aggregation'®
slightly reduced IL-6, although not reaching statis-
tical significance, and had no effect on the TNF-«
levels (Fig. 1).

APB40 is also a major form of AP found in
AD brains, and we therefore further characterized
the effects of small-molecule decoys on the pro-
inflammatory responses induced by AB4o (Fig. 2).
AB40 induced the secretion of both IL-6 and TNF-
«, but the induction was 50-100 times less than that
by AB42 even when using the double concentration
of AB40, suggesting that the microglia-like cells are
more responsive to AB4; oligomers than to those of
AB40. NSC 16224 blocked the increase in IL-6 and
TNF-«a secreted from the cells induced by ARy, simi-
larly to AB42. NSC 100873 had no effect as shown for
AB42. NSC 69318 showed no effect on IL-6, suggest-
ing that this compound may have a selective effect on
signaling pathways activated by A4> oligomers as
previously found in neurotoxicity. '

Small-molecule decoys had no statistically
significant effect on phagocytosis of AB

Microglia have been shown to take up APa4> by
phagocytosis.?? We assessed the effects of the small
molecule decoys on the phagocytosis of fluores-
cently labeled APBs> (AP42-488). Confocal Laser
Scanning Microscopy (CLSM) confirmed the phago-
cytosis of APB42-488 into live dTHP-1 cells also
under the co-treatment with small molecule decoys
(Supplementary Figure 4). To analyze the fluores-
cence intensity in each single cell we used flow
cytometry. The distribution of fluorescence inten-
sity showed no difference between treatment with
decoys or vehicle, and the A342-488-treated dTHP-1
cells showed higher fluorescence intensity level than
decoy treatment alone (Fig. 3A). NSC 69318 and
NSC 100873 had no effect on phagocytosis of A42-
488 by the dTHP-1 cells. NSC 16224 slightly reduced
the average fluorescence intensity and the fraction of
dTHP-1 cells that had taken up A42-488, although
not reaching statistical significance (Fig. 3). Fibril-
lar AB4; is more prone to be taken up by microglia
cells,?® indicating that NSC 16224 may change the
direction of aggregation from oligomeric to a non-
toxic form which is not phagocytosed.

DISCUSSION

The aggregation of A} is associated with AD.
Aggregation can be initiated by seeding and is depen-
dent on time and concentration. Under laboratory
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Fig. 3. Analysis of AB4, phagocytosis by human microglia-like cells. Phagocytosis of A4, by differentiated human THP-1 (dTHP-1)
cells was analyzed using flow-cytometry. Differentiated dTHP-1 cells were incubated with vehicle, 200 nM A42-488, 200 nM of each
compound, or 200 nM AB42-488 + the 200 nM compound. A) Distribution of fluorescence intensity of AB42-488 in the dTHP-1 cells.
Average fluorescence intensity (B) and percentage of dTHP-1 cells that had taken up AB42-488 (C). Three independent experiments were

performed.

conditions it is convenient to use higher concentra-
tions to avoid lag phase and variable kinetics.?!->?
The significance of this process receives indirect
support from clinical studies of anti-amyloid antibod-
ies: aducanumab,??® now discontinued, lecanemab®*
and donanemab.?’ Lecanemab (Leqembi®) 1S now
approved by the U.S. Food and Drug Administration
(FDA) for mild dementia of AD.

This study was initiated by our observation
that selected small molecules named decoys inter-

fere with AP aggregation toxicity.!® These small
molecules were selected to interact already at the
dimerization/oligomerization stages. Several of these
molecules were very potent, suggesting specific
interactions. Unexpectedly, the induced aggregation
pathways differed dramatically resulting in no for-
mation of fibrils, but formation of protofibrils, with
buds and branches never observed in controls, a
2D-network and a double-stranded thin protofib-
ril. Since neuroinflammation is a characteristic of
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AD?% and may even precede plaque formation, we
decided to investigate whether the small molecules
would interfere with the activation of microglia. Acti-
vated microglia produce and secrete inflammatory
factors including cytokines!-? and cytotoxic factors,>
providing an environment that when sustained for
long times, such as due to continuous presence of
AP, leads to loss of homeostasis and neuronal cell
death. In the acute situation, however, the activities
of microglia are beneficial by sensing and removing
the injurious agent to restore homeostasis (see?”). The
findings from studies on the effects of anti-amyloid
treatment in AD mouse models?® further emphasizes
the important role of microglia in relation to amyloid
and to further characterize their responses. Tran-
scriptomic profiling studies of microglia in health
and disease®* 32 add to our knowledge of the com-
plexity and subpopulations of microglia and indicate
the importance of careful characterization of cellular
populations to interpret data.

Although only differing by two amino acids, AB4g
and APy are distinctly different with respect to the
aggregation pathway and role in neuropathology.??
Already at the dimer stage cryo-EM shows that the
A4 interface is longer and kinked whereas the A9
interface is flat.>* Whereas ARy is typically detected
in cerebral amyloid angiopathy,® there is general
agreement that AB4; is the species relevant for neu-
rotoxicity in AD.

In our experiments, AP4, aggregation strongly
activated the microglia-like cells, whereas the AB4o
variant was considerably less potent and had
lower efficacy. Interestingly, NSC 16224 completely
blocked the activation by both peptides. NSC 69318
was weakly active, but only with AB4, in line with
the previously shown selective activity against AB42-
induced toxicity.'® NSC 100873 was not active.

There are several receptors that have been
shown to bind AP aggregates such as Bl inte-
grin, formyl peptide receptor-like 1 (FPRL1) and
receptor for advanced glycosylation end-products
(RAGE), which all bind both monomeric and fib-
ril AB.3% The scavenger receptors A and BI bind
only monomeric AB.3® The shuttling-protein nucle-
olin was shown to be a receptor for A3 on microglial
cells.’” Interestingly, nucleolin strongly associated
with AB42 and phagocytosed both the monomeric
and fibril forms, whereas AB49 was only taken up
weakly.3” The results also indicated that binding of
nucleolin to AP4, was neither ionic nor hydropho-
bic and that it was dependent on the structure of

AB4> contributing to its aggregation. In a recent
study on rat glial cells, RNA sequencing data showed
clear differences in the response to AB49 and AB42
fibrils.>®® This was evident in primary cultures of
both astrocytes and microglia, with about 10x more
genes upregulated by AB4, than by ARy in rat
microglia, and pathway analysis showed that AB4;
treatment resulted in induction of immune response
pathways.® The data also showed that genes found in
so called disease-associated microglia (DAM) were
markedly upregulated by AP4>, whereas most of
these genes were down-regulated by AB4p, notably
including Trem2, a key DAM-triggering receptor
gene.® In postmortem brains from patients with
Down syndrome® and AD,*? microglial cells were
more often found in association with amyloid plaques
containing both AB49 and AB42 compared to those
containing only AB4;.

The interaction between amyloid and brain immu-
nity is dynamic with a protective effect in prodromal
phases of the disease. As the disease progresses, acti-
vated microglia due to continuous presence of Af,
may have the opposite effect, releasing cytokines and
other mediators which exert a neurotoxic effect.*!
This sequence of events could be blocked by one of
our decoys, NSC 16224, and regarding A4, aggre-
gation reduced by NSC 69318. This means that we
would have a tool that can address two aspects of the
disease process in the Alzheimer brain, neuroinflam-
mation and neurotoxicity.'®

Already in our previous publication,'® we dis-
cussed toxicology as a function of aggregate
architecture recorded by TEM analysis. NSC 16224
stands out in generating a double-stranded thin fil-
ament aggregate which was shown to block both
cytotoxicity'® and now microglial activation. This
profile would seem highly interesting for exploitation
therapeutically. We have argued that the effect of NSC
69318 is related to its interaction with the A COOH-
terminus, which has been found in other studies to be
very hydrophobic and significant for aggregation.*?
An exotic induction of a 2-dimensional network
with NSC 100873 adds further suggestions that
altered surface morphology of aggregation may
lessen neurotoxicity but not necessarily microglial
activation.

It may also be significant that aggregate sur-
face molecular patterns have a direct influence on
microglia reactivity. The recent developments of
neuroimplants have stimulated work on surface prop-
erties. It has been shown that a fibrous surface matrix

6
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is more challenging than a smooth area* and that
lipid droplets are accumulated in microglia associ-
ated with plaques.** In analogy, the unique smooth
double-stranded fibril observed with NSC 16224 may
not be recognized by the microglial radar.

Aggregation mechanisms and functionality are
an area of nanobiological interest.*> As already
observed,'® AR has several epitopes for binding
leading to aggregation. Inhibition of aggregation is
therefore challenging and changing aggregation tra-
jectory may be a mechanism for further study and
eventually therapy.

Conclusions

In conclusion, the molecular decoys of A open
the possibility to block neurotoxicity and microglia
activation of AB49 and AB42 by NSC 16224, or to
block only A4, neurotoxicity and reduce microglia
activation by NSC 69318. Selectivity of action is a
key in drug development. Since A4, is more toxic,
selective interaction with this peptide may be sig-
nificant for further analyses. NSC 100873 was only
found to block neurotoxicity but not microglial acti-
vation, another possible link to selective action. As a
principle, early intervention in pathogenesis should
be preferable.

Limitations to the study

Studies on human neuroinflammation at a mech-
anistic level require relevant and methodologically
practical in vitro models. Human primary microglia
are difficult to obtain, and other alternatives need
to be considered. The present work was performed
in a model of PMA-differentiated human THP-1
(dTHP-1) cells, a model widely used in studies on
macrophages and microglia.*® The differentiation
converts the THP-1 cells, a leukemia monocytic cell
line, to macrophages. Macrophages and microglia
share many properties and many studies have indi-
cated that THP-1 cells and microglia respond to
AP in a similar pattern, and therefore Ap-treated
THP-1 cells are frequently used to study AD-
like neuroinflammation.*’ ! An alternative to the
dTHP-1 cells is to use peripheral monocytes from
AD patients differentiated to macrophages, a model
that has been used successfully rendering important
findings.>> Although this is a more relevant model
compared to the THP-1 cells, the advantage of using
a cell line is the unlimited supply. For future stud-
ies a further alternative is to use human pluripotent

stem cells from AD patients and healthy controls for
higher physiological relevance and sufficient supply
for analyses requiring large materials.

The concentrations of AB49 and A4, used in the
present study are considerably higher than those mea-
sured in human CSF,3 but commonly used for in
vitro studies.’* Furthermore, local concentrations of
AP peptides in the AD brain are probably higher
than levels in the CSE, and reactive microglia are
co-localized with amyloid plaques.’®

Promising effects obtained in in vitro studies may,
however, meet with challenges to translate to in
vivo applications. One challenge is passage through
the blood-brain barrier (BBB) since NSC 16224
(830 Da) is larger than the restriction barrier of molec-
ular weight (<400 Da) for a passive diffusion across
the BBB.> Linking the compound to a transporter
may be helpful for passage through the BBB. Also,
intranasal administration may bypass the barrier.

AUTHOR CONTRIBUTIONS

Sho Oasa (Conceptualization; Data curation; For-
mal analysis; Methodology; Writing — original draft;
Writing — review & editing); Gefei Chen (Method-
ology; Resources; Writing — review & editing);
Marianne Schultzberg (Conceptualization; Funding
acquisition; Methodology; Resources; Supervision;
Writing — original draft; Writing — review & editing);
Lars Terenius (Conceptualization; Funding acquisi-
tion; Investigation; Supervision; Writing — original
draft; Writing — review & editing).

ACKNOWLEDGMENTS

We thank Dr. Erik Hjorth for the advice on exper-
imental details. The test compounds were selected
from the National Cancer Institute Chemotherapeutic
Agency Repository, Bethesda, MD.

FUNDING

The work was supported by The Swedish Foun-
dation for Strategic Research (Grant SBE13-0115),
the Olav Thon Foundation and the Swedish Research
Council (VR 2018-05337) to L. Terenius, and
M. Schultzberg acknowledges the support from
The Swedish Brain Foundation, Demensfonden and
Ahléns foundation.



S. Oasa et al. / AB Aggregation Decoy Modulates Microglial Responses 795

CONFLICT OF INTEREST

L. Terenius is listed as inventor on a patent related

to this work. The authors declare no conflict of inter-

est.

DATA AVAILABILITY

The data supporting the findings of this study are

available within the article and/or its supplementary
material.

SUPPLEMENTARY MATERIAL

The supplementary material is available in the

electronic version of this article: https://dx.doi.org/
10.3233/JAD-231399.

REFERENCES

10.

11.

12.

Araujo DM and Cotman CW. B-amyloid stimulates glial
cells in vitro to produce growth factors that accumulate in
senile plaques in Alzheimer’s disease. Brain Res 1992; 569:
141-145.

Del Bo R, Angeretti N, Lucca E, et al. Reciprocal control
of inflammatory cytokines, IL-1 and IL-6, and B-amyloid
production in cultures. Neurosci Lett 1995; 188: 70-74.
Benveniste EN, Nguyen VT and O’Keefe GM. Immunolog-
ical aspects of microglia: Relevance to Alzheimer’s disease.
Neurochem Int 2001; 39: 381-391.

Forloni G, Demicheli F, Giorgi S, et al. Expression of amyloid
precursor protein mRNAs in endothelial, neuronal and glial
cells: Modulation by interleukin-1. Mol Brain Res 1992; 16:
128-134.

Mrak RE, Sheng JG and Griffin WS. Glial cytokines in
Alzheimer’s disease: Review and pathogenic implications.
Hum Pathol 1995; 26: 816-823.

Serhan CN and Savill J. Resolution of inflammation:
The beginning programs the end. Nat Immunol 2005; 6:
1191-1197.

Serhan CN. A search for endogenous mechanisms of anti-
inflammation uncovers novel chemical mediators: Missing
links to resolution. Histochem Cell Biol 2004; 122: 305-321.
Serhan CN and Levy BD. Resolvins in inflammation: Emer-
gence of the pro-resolving superfamily of mediators. J Clin
Invest 2018; 128: 2657-2669.

Lukiw W], Cui JG, Marcheselli VL, et al. A role for docosa-
hexaenoic acid-derived neuroprotectin D1 in neural cell
survival and Alzheimer disease. J Clin Invest 2005; 115:
2774-2783.

Wang X, Zhu M, Hjorth E, et al. Resolution of inflammation
is altered in Alzheimer’s disease. Alzheimers Dement 2015,
11: 40-50.

ZhuM, Wang X, Hjorth E, et al. Pro-resolving lipid mediators
improve neuronal survival and increase AB42 phagocytosis.
Mol Neurobiol 2016; 53: 2733-2749.

Do KV, Hjorth E, Wang Y, et al. Cerebrospinal fluid profile of
lipid mediators in Alzheimer’s disease. Cell Mol Neurobiol
2023; 43: 797-811.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Bruggink KA, Miiller M, Kuiperij HB, et al. Methods for
analysis of amyloid- aggregates. J Alzheimers Dis 2012;
28: 735-758.

Huang YR and Liu RT. The toxicity and polymorphism of
B-amyloid oligomers. Int J Mol Sci 2020; 21: 4477.
Tjernberg LO, Pramanik A, Bjorling S, et al. Amyloid
B-peptide polymerization studied using fluorescence corre-
lation spectroscopy. Chem Biol 1999; 6: 53-62.

Oasa S, Kouznetsova VL, Tiiman A, et al. Small molecule
decoys of aggregation for elimination of AB-peptide toxicity.
ACS Chem Neurosci 2023; 14: 1575-1584.

Abelein A, Chen G, Kitoka K, et al. High-yield production
of amyloid- peptide anabled by a customized spider silk
domain. Sci Rep 2020; 10: 235.

Zhong X, Kumar R, Wang Y, et al. Amyloid fibril formation
of arctic amyloid-f31-42 peptide is efficiently inhibited by the
BRICHOS domain. ACS Chem Biol 2022; 17: 2201-2211.
Wang Y, Leppert A, Tan S, et al. Maresin 1 attenuates
pro-inflammatory activation induced by 3-amyloid and stim-
ulates its uptake. J Cell Mol Med 2021; 25: 434-447.

Pan XD, Zhu YG, Lin N, et al. Microglial phagocytosis
induced by fibrillar B-amyloid is attenuated by oligomeric
B-amyloid: Implications for Alzheimer’s disease. Mol Neu-
rodegener 2011; 6: 45.

Carulla N, Zhou M, Giralt E, et al. Structure and inter-
molecular dynamics of aggregates populated during amyloid
fibril formation studied by hydrogen/deuterium exchange.
Acc Chem Res 2010; 43: 1072-1079.

Harper JD and Lansbury PT, Jr. Models of amyloid seeding
in Alzheimer’s disease and scrapie: Mechanistic truths and
physiological consequences of the time-dependent solubility
of amyloid proteins. Annu Rev Biochem 1997; 66: 385-407.
Sevigny J, Chiao P, Bussiere T, et al. The antibody adu-
canumab reduces Abeta plaques in Alzheimer’s disease.
Nature 2016; 537: 50-56.

Sims JR, Zimmer JA, Evans CD, et al. Donanemab in early
symptomatic Alzheimer disease: The TRAILBLAZER-ALZ
2 randomized clinical trial. JAMA 2023; 330: 512-527.

van Dyck CH, Swanson CJ, Aisen P, et al. Lecanemab in
early Alzheimer’s disease. N Engl J Med 2023; 388: 9-21.
Calsolaro V and Edison P. Neuroinflammation in
Alzheimer’s disease: Current evidence and future directions.
Alzheimers Dement 2016; 12: 719-732.

Sarlus H and Heneka MT. Microglia in Alzheimer’s disease.
J Clin Invest 2017; 127: 3240-3249.

Cadiz MP, Gibson KA, Todd KT, et al. Aducanumab anti-
amyloid immunotherapy induces sustained microglial and
immune alterations. J Exp Med 2024; 221.

Friedman BA, Srinivasan K, Ayalon G, et al. Diverse brain
myeloid expression profiles reveal distinct microglial activa-
tion states and aspects of Alzheimer’s disease not evident in
mouse models. Cell Rep 2018; 22: 832-847.

Holtman IR, Raj DD, Miller JA, et al. Induction of a common
microglia gene expression signature by aging and neurode-
generative conditions: A co-expression meta-analysis. Acta
Neuropathol Commun 2015; 3: 31.

Keren-Shaul H, Spinrad A, Weiner A, et al. A unique
microglia type associated with restricting development of
Alzheimer’s disease. Cell 2017; 169: 1276—-1290 e1217.
Rangaraju S, Dammer EB, Raza SA, et al. Identification
and therapeutic modulation of a pro-inflammatory subset
of disease-associated-microglia in Alzheimer’s disease. Mol
Neurodegener 2018; 13: 24.

Cukalevski R, Yang X, Meisl G, et al. The AB40 and Ap42
peptides self-assemble into separate homomolecular fibrils


https://dx.doi.org/10.3233/JAD-231399

796

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

S. Oasa et al. / AB Aggregation Decoy Modulates Microglial Responses

in binary mixtures but cross-react during primary nucleation.
Chem Sci 2015; 6: 4215-4233.

Schmidt M, Rohou A, Lasker K, et al. Peptide dimer structure
in an AB(1-42) fibril visualized with cryo-EM. Proc Natl
Acad Sci U S A 2015; 112: 11858-11863.

Chantran Y, Capron J, Alamowitch S, et al. Anti-A antibod-
ies and cerebral amyloid angiopathy complications. Front
Immunol 2019; 10: 1534.

Verdier Y, Zarandi M and Penke B. Amyloid B-peptide
interactions with neuronal and glial cell plasma membrane:
Binding sites and implications for Alzheimer’s disease. J Pept
Sci 2004; 10: 229-248.

Ozawa D, Nakamura T, Koike M, et al. Shuttling protein
nucleolin is a microglia receptor for amyloid 3 peptide 1-42.
Biol Pharm Bull 2013; 36: 1587-1593.

Zhu X, Schrader JM, Irizarry BA, et al. Impact of AB40 and
AB42 fibrils on the transcriptome of primary astrocytes and
microglia. Biomedicines 2022; 10: 2982.

Mann DM, Iwatsubo T, Fukumoto H, et al. Microglial cells
and amyloid  protein (AP) deposition; association with
AB40-containing plaques. Acta Neuropathol (Berl) 1995;90:
472-4717.

Fukumoto H, Asami-Odaka A, Suzuki N, et al. Associa-
tion of AR 40-positive senile plaques with microglial cells
in the brains of patients with Alzheimer’s disease and in
non-demented aged individuals. Neurodegeneration 1996; 5:
13-17.

Fan Z, Brooks DJ, Okello A, et al. An early and late peak in
microglial activation in Alzheimer’s disease trajectory. Brain
2017; 140: 792-803.

Fradinger EA, Monien BH, Urbanc B, et al. C-terminal pep-
tides coassemble into AB42 oligomers and protect neurons
against AP42-induced neurotoxicity. Proc Natl Acad Sci
U S A 2008; 105: 14175-14180.

Pires LR, Rocha DN, Ambrosio L, et al. The role of the
surface on microglia function: Implications for central ner-
vous system tissue engineering. J R Soc Interface 2015; 12:
20141224.

Claes C, Danhash EP, Hasselmann J, et al. Plaque-associated
human microglia accumulate lipid droplets in a chimeric
model of Alzheimer’s disease. Mol Neurodegener 2021; 16:
50.

Wei G, Su Z, Reynolds NP, et al. Self-assembling peptide
and protein amyloids: From structure to tailored function in
nanotechnology. Chem Soc Rev 2017; 46: 4661-4708.

46.

47.

48.

49.

50.

SI.

52.

53.

54.

55.

56.

57.

Mohd Yasin ZN, Mohd Idrus FN, Hoe CH, et al. Macrophage
polarization in THP-1 cell line and primary monocytes: A
systematic review. Differentiation 2022; 128: 67-82.

Chen JM, Li QW, Jiang GX, et al. IL-18 induced IL-23/IL-
17 expression impairs AR clearance in cultured THP-1 and
BV2 cells. Cytokine 2019; 119: 113-118.

Chong YH, Sung JH, Shin SA, et al. Effects of the 3-amyloid
and carboxyl-terminal fragment of Alzheimer’s amyloid
precursor protein on the production of the tumor necro-
sis factor-alpha and matrix metalloproteinase-9 by human
monocytic THP-1. J Biol Chem 2001; 276: 23511-23517.
McDonald DR, Bamberger ME, Combs CK, et al. 3-Amyloid
fibrils activate paralle] mitogen-activated protein kinase path-
ways in microglia and THP1 monocytes. J Neurosci 1998;
18: 4451-4460.

McDonald DR, Brunden KR and Landreth GE. Amy-
loid fibrils activate tyrosine kinase-dependent signaling and
superoxide production in microglia. J Neurosci 1997; 17:
2284-2294.

Yates SL, Burgess LH, Kocsis-Angle J, et al. Amyloid
B and amylin fibrils induce increases in proinflammatory
cytokine and chemokine production by THP-1 cells and
murine microglia. J Neurochem 2000; 74: 1017-1025.
Fiala M, Lin J, Ringman J, et al. Ineffective phagocytosis of
amyloid-f by macrophages of Alzheimer’s disease patients.
J Alzheimers Dis 2005; 7: 221-232; discussion 255-262.
Fagan AM, Roe CM, Xiong C, et al. Cerebrospinal fluid
tau/B-amyloid(42) ratio as a prediction of cognitive decline in
nondemented older adults. Arch Neurol 2007; 64: 343-349.
Dear AJ, Michaels TCT, Meisl G, et al. Kinetic diversity of
amyloid oligomers. Proc Natl Acad Sci U S A 2020; 117:
12087-12094.

Hashimoto M, Bogdanovic N, Volkmann I, et al. Analy-
sis of microdissected human neurons by a sensitive ELISA
reveals a correlation between elevated intracellular concen-
trations of APB42 and Alzheimer’s disease neuropathology.
Acta Neuropathol 2010; 119: 543-554.

Venegas C, Kumar S, Franklin BS, et al. Microglia-derived
ASC specks cross-seed amyloid-f in Alzheimer’s disease.
Nature 2017; 552: 355-361.

Pardridge WM. Drug transport across the blood-brain barrier.
J Cereb Blood Flow Metab 2012; 32: 1959-1972.



