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ABSTRACT

Alzheimer’s disease (AD), the most common cause of dementia, is not only characterized
by extracellular amyloid B (AB) plaque formation and neurofibrillary tangles deposition, but
also by microglia- and astrocyte-mediated neuroinflammation. In the last decade,
impairment of autophagy has been found to be yet another important feature of AD linking
neuroinflammation and AB pathology.

The nutritional supplement spermidine is a known autophagy activator which has been
shown to induce longevity in various model organisms. Here, we investigated spermidine’s
therapeutic potential in the AD-like mouse model APPPS1. Oral treatment with spermidine
resulted in a reduction of neurotoxic soluble AB at both early and late stages of pathology
in APPPS1 mice. Subsequent single nuclei sequencing of hemispheres of spermidine-
treated APPPS1 mice and H:0 controls revealed that spermidine affected disease-
associated microglia by increasing migratory and phagocytic genes. Spermidine also
altered the transcriptome of oligodendrocytes. Similar to microglia, spermidine modified
genes associated with anti-inflammation, proliferation, transcription and the cytoskeleton
and additionally reduced heat shock response genes in oligodendrocytes. In vitro treatment
of activated microglia, astrocytes and oligodendrocytes with spermidine reduced the
release of cytokines dose-dependently, thus confirming the anti-inflammatory properties of
spermidine. To complement the transcriptomics approach, a proteomics analysis of
isolated microglia from spermidine-treated APPPS1 mice was performed. Spermidine
reversed AD-associated changes in APPPS1 mice by promoting anti-inflammatory,
cytoskeletal, autophagic and endocytic effects. An in-depth assessment of the anti-
inflammatory effects of spermidine in microglia in vitro elucidated that spermidine targeted
NF-kB-mediated cytokine transcription upon LPS/ATP, poly I:C and AB stimulation as well
as the assembly of the NLRP3 inflammasome, thus reducing the release of IL-1B and IL-18.
The anti-inflammatory effects of spermidine were further substantiated by a spermidine-
mediated CNS-wide reduction in cytokine levels in the hemispheres of APPPS1 mice at late
stages of the pathology. As a translational approach, activated microglia derived from
human induced pluripotent stem cells were treated with spermidine validating the anti-
inflammatory effects of spermidine.

Taken together, spermidine reduced glial-mediated neuroinflammation and induced cell
migration, autophagy and AR degradation in microglia of APPPS1 mice resulting in reduced
levels of soluble AB. Thus, spermidine supplementation presents an intriguing approach that

should be further validated in AD patients.



ZUSAMMENFASSUNG

Die Alzheimer-Krankheit (AD), eine der haufigsten Ursache fiir Demenz, ist nicht nur durch
die Bildung von extrazellularen Amyloid B (AB)-Plaques und der Ablagerung von
neurofibrillaren Tangles gekennzeichnet, sondern auch durch eine von Mikroglia und
Astrozyten vermittelte Neuroinflammation. Im letzten Jahrzehnt wurde die Beeintrachtigung
der Autophagie als ein weiteres Merkmal fiir die Alzheimer-Krankheit identifiziert, welches
die Neuroinflammation und AB-Pathologie miteinander verbindet.

Das Nahrungserganzungsmittel Spermidin ist ein bekannter Autophagie-Aktivator, welcher
in verschiedenen Modellorganismen Langlebigkeit induziert. Hier haben wir den
therapeutischen Effekt von Spermidin im AD-ahnlichen Mausmodell APPPS1 untersucht.
Die orale Behandlung mit Spermidin fiihrte zu einer Reduktion des neurotoxischen Ioslichen
AB in der frihen und spaten Pathologie der APPPS1 Mause. Die Einzel-Nukleus RNA-
Sequenzierung von Hemispharen der mit Spermidin behandelten APPPS1 Méause und H-0-
Kontrollen ergab, dass Spermidin krankheitsassoziierte Mikroglia durch Erhohung von
Migrations- und Phagozytosegenen beeinflusst. Spermidin veranderte auch das
Transkriptom von Oligodendrozyten. Ahnlich wie in Mikroglia modifizierte Spermidin auch
in Oligodendrozyten Gene, die mit Entziindungshemmung, Proliferation, Transkription und
dem Zytoskelett in Verbindung stehen und reduzierte zusatzlich Hitzeschockreaktionsgene.
In-vitro-Behandlung von aktivierten Mikroglia, Astrozyten und Oligodendrozyten mit
Spermidin verringerte die Freisetzung von Zytokinen dosisabhangig und bestatigte die
entziindungshemmenden Wirkung von Spermidin. Neben der Transkriptomanalyse wurde
eine Proteomanalyse von isolierten Mikroglia aus Spermidin behandelten APPPS1 Méausen
durchgefiihrt. Spermidin kehrte die AD-assoziierten Veranderungen in APPPS1 Mausen um,
indem es entziindungshemmende, zytoskelettale, autophagische und endozytische Effekte
forderte. Eine tiefgreifende Analyse der entziindungshemmenden Wirkung von Spermidin in
Mikroglia in vitro ergab, dass Spermidin gezielt die NF-kB-vermittelte Zytokintranskription
nach LPS/ATP, poly I:C und AB Stimulation sowie das NLRP3-Inflammasom hemmte und so
die Freisetzung von IL-1B und IL-18 reduzierte. Die entziindungshemmende Wirkung von
Spermidin wurden durch eine ZNS-weite Reduktion der Zytokinspiegel in den Hemispharen
der mit Spermidin behandelten APPPS1 Mause weiter untermauert. Als translationaler
Ansatz wurden aktivierte Mikroglia aus menschlichen induzierten pluripotenten
Stammzellen mit Spermidin behandelt, welches ebenfalls eine entziindungshemmende

Wirkung von Spermidin zeigte.



Zusammenfassend reduzierte Spermidin die gliavermittelte Neuroinflammation und
induzierte Zellmigration, Autophagie und den AB-Abbau in Mikroglia von APPPS1 Méausen,
was zu einer Reduktion der Ioslichen AB-Konzentration fiihrte. Somit stellt die Spermidin-
Supplementierung einen faszinierenden Ansatz dar, welcher in Zukunft weiter an Alzheimer-

Patienten getestet werden sollte.



1 INTRODUCTION

1.1 Hallmarks of Alzheimer’s disease

Dementia challenges our public health majorly by affecting increasing numbers of elderly
people worldwide. The most prevalent cause of dementia is Alzheimer’s disease (AD), in
which patients suffer from progressive cognitive and functional deficits due to the
degeneration of neurons in the cerebral cortex. Until today, the cure of AD by preventing AD
onset or delaying AD progression still presents an urgent unmet clinical need.

AD is characterized by the aggregation of amyloid-B (AB) peptides in extracellular amyloid
plaques and the formation of intracellular neurofibrillary tangles consisting of
hyperphosphorylated MAP tau '. Next to these long-standing classical hallmarks of AD, in
the last decades also neuroinflammation became a well-known characteristic of AD
progression. Whilst neuroinflammation in form of increased cytokine levels has been found
in AD patients with increasing pathology, yet accumulating data indicate that immune
actions might also be sufficient for causing AD. Systemic immune challenges through the
viral mimic polyriboinosinic:polyribocytidilic acid (poly I:C) induced an AD-like pathology
including AB plaques, microglia activation and tau aggregation in wild type mice 2.
Microglia are myeloid-derived resident immune cells important for the clearance and
immunomodulation in the brain. Nowadays, microglia are thought to be involved in two
substantial aspects of AD: the removal or failure of removal of extracellular AR by
phagocytosis * and the production and release of cytokines resulting in progressive
neuroinflammation. By means of single-cell RNA sequencing (sc-RNAseq), so-called
disease-associated microglia (DAM) were identified as an AD-specific subset of microglia
that are in an activated and transcriptionally distinct state. In addition to neuroinflammatory
and phagocytotic changes, DAM also exhibit numerous alterations in microglial metabolism
4. Although sc-RNAseq has provided valuable and detailed transcriptional knowledge of the
microglial state in AD mouse models and patients, the extent to which microglial activation
is beneficial or exacerbates AD is still debated. The early migratory and phagocytic response
of microglia to AR is rather considered neuroprotective. In contrast, the chronic
proinflammatory response to A is characterized by a reduction in phagocytosis, migration
and physiological functions leading to a neurotoxic microglia phenotype at later disease
stages. To interfere with AD progression, it thus may be important to keep microglia in a

balanced phagocytic and degradative state to prevent neuron loss. Next to microglia, also
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astrocytes transform into a reactive phenotype, which directly affects neuronal networks
and synaptic communication, thus potentially contributing to a decline in cognition in AD.
Reducing astrogliosis has been shown to reveal beneficial effects on cognition °. Since
myelin loss can be observed in AD as well ¢, restoring homeostasis in all glial cells may be

required for halting or slowing the progression of AD.

1.2 Autophagy in AD

A highly conserved degradative pathway and quality control system, known to be defective
in AD patients, is autophagy ’. Macroautophagy, here referred to as autophagy, is involved
in the degradation of large, long-lived proteins and organelles, in cellular remodelling and
survival during nutrient starvation 8. Apart from maintaining the cell homeostasis by
mediating degradation, autophagic proteins act as inducers and suppressors of many
different factors including inflammatory cytokines °. The autophagic cascade can be
initiated by multiple stimuli such as Toll-like receptor signalling, which results in the
nucleation of a double membrane. BECN1 is the key modulator for the vesicle nucleation by
recruiting lipids and proteins to this autophagic membrane '°. In the elongation and closure
stage leading to the formation of the autophagosome, two ubiquitin like conjugation
systems (ATG12-ATG5-ATG16L and ATG4B-ATG3-ATG7) contribute to the conjugation of
cytosolic LC3-l to phosphatidylethanolamine to form the membrane-binding LC3-Il "3,
After closing, the autophagosome fuses with late endosomes and afterwards with a
lysosome leading to degradation of the cargo by acidification of the autolysosome .

Accumulating evidence demonstrates that autophagy is dysfunctional in AD patients and
may therefore also contribute to the progression of the disease. Dysfunctional
autophagosomes were shown to accumulate in neuronal dendrites due to defective axonal
transport in rodent AD models "¢, In addition, several autophagic proteins such as BECN1
were found to be downregulated in the brains of AD patients /'8, Interestingly, growing
evidence shows that autophagy increases very early in AD pathology, most likely a
neuroprotective response to the appearance of AR '°. With the progression of disease
pathology, the autophagy flux declines and autophagy degradation becomes compromised
20, Nowadays, autophagy is thought to modulate two important AB-related pathways. First,
autophagy impairmentin ATG7 KO mice resulted in increased accumulation of intraneuronal
AB and reduced extracellular AR plaques indicating that autophagy is required for AB
secretion to protect from cognitive impairment 2'?2, Second, many studies show that

autophagy is required for AB clearance. Increased autophagy in a knock-in AD mouse model
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interfering with the interaction of BECN1 and Bcl-2 reduced AB plaques and improved

cognition, while BECN1 KO AD mice showed the opposite effect 1723,

1.3 Context of the presented research

While the importance of autophagy for the functionality of neurons was shown in multiple
studies, its effect on glial metabolism and neuroinflammation was rather unknown. In a
previous study within our group, we studied the effect of autophagy impairment in BECN1*-
mice on the neuroinflammatory response of microglia. Our in vitro studies revealed that
BECN1*" microglia expressed an increased number of inflammasomes resulting in an
enhanced release of IL-18 and IL-18 upon LPS/ATP stimulation. Increased levels of IL-1B8
were also found in BECN1*"APPPS1 mice, indicating that selective autophagy degrades the
NLRP3 inflammasome, thus regulating the neuroinflammatory response of microglia 2.

Meanwhile, also other autophagy-related mechanisms for microglia endocytosis of AR were
found to play a role in AD. Next to autophagy, also LC3-associated endocytosis (LANDO)
protected from microglial activation, inflammation and neurotoxic AB accumulation in an
AD mouse model 2°. The TAM system with the receptor kinases AXL and MER was recently
shown to be essential for AR engulfment and recognition by microglia 26. In summary, the
maintenance of functional degradative pathways such as autophagy, LANDO and TAM-
associated phagocytosis seems to be a key aspect in order to protect from AD-associated

neuroinflammation and neurotoxic AB pathology.

1.4 Spermidine in health and disease

As we identified autophagy impairment in microglia as an essential driver of
neuroinflammation and neuroinflammation is known to promote AD pathology, we set out
to pursue a therapeutic approach and to study the effect of autophagy induction on glial
metabolism in AD.

Spermidine is a body-endogenous polyamine and dietary supplement, which induced
autophagy in multiple tissues upon administration in aged yeast, flies, worms, mammalian
cells and mice ?’. Although the exact mechanism underlying the autophagy induction by
spermidine still remains to be elucidated, spermidine interfered with the activity of
acetyltransferases such as EP300 suggesting that spermidine induces autophagy by

decreasing acetylation 2. Intracellularly, spermidine has pleiotropic effects ranging from
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transcription to protein synthesis as well as differentiation, cell proliferation, apoptosis and
tissue regeneration. The intracellular bioavailability of spermidine is determined by cellular
biosynthesis, synthesis of intestinal microbiota or nutritional uptake as well as catabolism
and excretion. Interestingly, spermidine concentrations in multiple tissues decline in aging
humans and model organisms %/, potentially resulting in a decline in autophagy observed in
patients with neurodegenerative diseases such as AD.

Numerous studies revealed protective effects of spermidine administration on the
manifestation of cardiac aging, metabolic syndrome and cancer in various model organisms
27, Besides, spermidine also increased in the life span of yeast, flies, worms, human cells
and mice 2°7%! making it an interesting candidate for the preventive treatment of age-
associated pathologies.

Regarding neurological diseases, spermidine showed neuroprotective effects in
Huntington’s disease and Parkinson’s disease rat models *2 or in murine models of
accelerated aging 2. Similarly, supplementation with spermidine ameliorated
neuroinflammation and clinical scores in mice with experimental autoimmune
encephalomyelitis (EAE) 34. A few studies also revealed anti-inflammatory effects of
spermidine in myeloid cells. For instance, LPS-induced cytokine release by macrophages or
the microglial cell line BV2 was dampened upon spermidine treatment in vitro 353¢. However,
little was known on the effect of spermidine on microglia and to our knowledge, the effect
of spermidine on other glial cells such as astrocytes and oligodendrocytes was not studied
so far. The effect of spermidine in the brain was mostly studied with a focus on neurons
revealing an improvement of age-related synaptic alterations and cognition in Drosophila
and mice upon spermidine treatment 3738 Spermidine also improved spontaneous
regeneration of axons after peripheral lesion of the dorsal root ganglion neurons % as well
as age-associated deterioration of hippocampal mossy fiber (MF-CA-3) synaptic
transmission and plasticity “°. Additionally, spermidine reduced tau fibrillization and
oligomerization in vitro and dysregulating the polyamine metabolism by overexpression of
AZIN2 increased tau pathology in tau PS19 mice #'. Notably, it was recently shown that orally
supplemented spermidine can indeed cross the blood-brain barrier and might therefore
directly affect the cells in the brain %.

Based on all the existing data, spermidine might provide a promising therapeutic agent to

tackle neuroinflammation, glial-associated changes and AB pathology in AD.
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1.5 Aims and methodological insights

Thus, the aim of this thesis was to elucidate the effects of spermidine on AD pathology and
neuroinflammation with a specific focus on glial cells. The following objectives were
pursued (Fig. M1):
Aim 1: Investigating effects of spermidine on the AB pathology in APPPS1 mice
Aim 2: Unbiased transcriptomic and proteomic analysis of spermidine-treated
APPPST mice
Aim 3: Elucidating effects of spermidine on AD-associated neuroinflammation in
APPPS1 mice
Aim 4: Investigating the underlying anti-inflammatory mechanisms of spermidine
using in vitro model systems
Aim 5: Transferring murine findings into human context by using human iPSC-

derived microglia

AD pathology
SPERMIDINE
| -7 e T
@ :. i m|crog ia
,6' neuroinflammation / n B
\ ¢ —v —y © / -
\2 . astrocytes AX
AB pathology
autophagy .

oligodendrocytes

Figure M1. Summary of hypothesis. The effects of spermidine-mediated autophagy induction were
investigated on AD pathology including the main hallmarks, AB pathology and neuroinflammation.
Furthermore, the effect on microglia, astrocytes and oligodendrocytes was determined. The figure was
self-created with Biorender.com.

To give further insights into the methodology, the reasoning for the model systems chosen
to assess these objectives are summarized here. Whether AB or tau is the main driver of AD
is still highly debated with literature supporting both hypotheses. In this thesis, we focused
on the effects of spermidine on the amyloid pathology. The amyloid hypothesis is supported
by the fact that all mutations resulting in early-onset AD occur in the AB generation pathway.

Furthermore, soluble AB42 from brains of AD patients was found to induce synaptic toxicity
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and reduce long-term potentiation. Human AP also induced hyperphosphorylation of tau and
caused neuronal dystrophy . As the effect of spermidine on AB pathology in vivo was not
investigated yet, we decided to study the effect of spermidine in the AB expressing mouse
model APPPS1. We received the protocol for the oral treatment with 3 mM spermidine via
the drinking water from our collaborator Prof. Dr. Stephan Sigrist, who previously found
beneficial effects of spermidine on hippocampal neurons and cardiac functions using this
protocol #°. The oral treatment via the drinking water offers the advantage of an easy
administration and a continuous treatment over a long period of time to investigate the
effects on AD development.

The APPPS1 mouse model is a common AD-like model, which carries the transgenes for the
human APP with the Swedish mutation along with PSEN1 containing a L166P mutation the
main risk genes for familial or early onset AD. APPPS1 mice consequently develop a strong
AB pathology including neuroinflammation at a late disease stage, with the amyloidosis
starting early at 6-8 weeks of age in the cerebrum #2. This model enabled us to investigate
the effects of spermidine in a strong AB pathology model and its effects on AB-driven
neuroinflammation.

For the analysis of the effects of spermidine, the newest state-of-the-art technologies
ranging from single nuclei sequencing with the 10x Genomics platform, sensitive cytokine
and AB MesoScale Discovery panels and liquid chromatography tandem mass spectrometry
combined with classic well-established methods as immunohistochemistry, western blot
and RT-gPCR analysis were used. Additionally, a side-by-side analysis of spermidine-
mediated effects on glial cells in vivo with in-depth mechanistic pathway analysis using

primary glial cultures in vitro was performed.
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2 METHODS

Methods, which were extensively described in the published manuscript %3, were not
repeated here, meaning only methods of additional experiments are mentioned in this

section.

Quantification of IBAT-positive plaque-associated microglia cells

Fixed hemispheres were cryosectioned as described in the publication #3, permeabilized with
TBS and 0.2% Triton X-100 for 10 min and blocked with TBS and 10% goat serum (NGS) for
1 h, before incubation with the anti-4G8 antibody specific for AB (1:1,000 dilution, Covance,
S1G39320) and the microglia specific antibody IBA1 (1:500 dilution, Wako, 019-19741) for
48 h at 4°C in TBS with 5% NGS. The secondary antibodies Alexa Fluor 488 goat anti-mouse
IgG (H+L) (1:500 dilution, Invitrogen, A11001) and Alexa Fluor 647 goat anti-rabbit IgG (H+L)
(1:500 dilution, Invitrogen, A21244) were added for 2 h at RT. Images were taken on a Leica
TCS SP5 confocal laser scanning microscope. Three regions of 10 serial coronal sections
were imaged per animal using a step size of 1 pm for each z-stack confocal image.

As previously described #*, maximum projections of the confocal stacks were used to
quantify the expression levels of IBA1 and 4G8 positive plaques, radial intensity profiles, cell
numbers and distances to the nearest plaque. The quantification was performed by the
Advanced Medical Bioimaging Core Facility (AMBIO, Dr. Niclas Gimber, Charité-
Universitatsmedizin Berlin) in an automated manner using custom-written ImageJ macros
(segmentation) #° and python scripts (radial profiles and other statistics), which were

uploaded to GitHub (https://github.com/ngimber/AlzheimersWorkflow). The median from

all images per animal was calculated. The displayed data represents the mean and SEM of
all animals from one group. In the histogram, the data were binned image-wise and
histograms and radial intensity profiles were normalized (divided by its own integral) and
then pooled as mentioned above. Histogram-based thresholding (Otsu binarization) 4
followed by watershed segmentation of the Euclidean distance map of the binary image was
used for the segmentation of nuclei from blurred DAPI channels (Gaussian blur, sigma =720
nm) using Imaged. Cell bodies were approximated from the nuclear region by a dilation of
10 pixels (3.6 pm). Plaques were segmented from the blurred 4G8 channel (Gaussian blur,
sigma = 7.2 ym) with subsequent histogram-based thresholding (based on the method from
Ridler and Calvard %, “default” auto-threshold function from ImageJ) by regarding only

objects above 720 uym? as plaques.
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For the quantification of the IBA1 expression levels, the mean intensities within segmented
cell bodies were used. IBA1-positive/-negative cells were classified by auto-thresholding
(Otsu’s method on all cell-specific expression levels within one image). For the subsequent
analyses only IBA1-positive cells were used (e.g. radial intensity profiles, cell numbers and
distances to the nearest plaque). For each microglia cell, we determined the size of the
nearest plaques using the segmented regions mentioned above. We calculated radial

intensity profiles for all channels around the center of mass of the segmented nucleus.

Isolation and culture of oligodendrocytes

Neonatal mice were sacrificed by decapitation, the brain dissected and the hemispheres
dissociated into a single cell suspension using the Neural Tissue Dissociation kit (P)
(Miltenyi Biotec, 130-092-628) in C-tubes (Miltenyi, 130-096-334) on a gentleMACS Octo
Dissociator with Heaters (Miltenyi Biotec, 130-096-427). Afterwards, the brain cell
suspension was labelled with 04 microbeads (Miltenyi Biotec, 130-093-634), strained and
passed through MS columns (Miltenyi Biotec, 130-042-201) placed on an OctoMACS™
manual separator. Subsequently, oligodendrocytes were collected by column flushing and
cultured in MACS® Neuro Medium (Miltenyi Biotec, 130-093-570) supplemented with 50
U/ml penicillin/streptomycin (Sigma, P0781-20ML), 2 % NeuroBrew-21 (Miltenyi Biotec, 130-
093-566), 0.25 % L-Glutamine (0.5 mM; Thermo Fisher, 25030-024), 5 ng/ml human FGF-2
and 10 ng/ml human PDGF-AA. Half of the medium was changed every other day and
oligodendrocytes were treated with IL-1B8 (10 ng/ml, Miltenyi Biotec, 130-094-053), poly I:C
(50 pg/ml, InVivoGen, tirl-picw-250 ), TNF-a (10 ng/ml, Miltenyi Biotec, 130-101-687) or TGF-
B3 (2 ng/ml, Miltenyi Biotec, 130-094-007) after 6 days in culture. Cells were pre-treated with
the indicated concentration of spermidine for 2 h and the above mentioned stimuli were

added to the medium for another 24 h.

ATP measurement

To measure the ATP production within microglia cells, we used the ATP Assay Kit (Abcam,
ab83355) and followed the manufacturer’s instructions. In brief, cells were treated with 30
KM and 100 uM spermidine for 6 h and harvested by scraping. 300,000 cells per condition
were lysed with the provided ATP assay buffer followed by a deproteinization by
precipitation using 2 M potassium hydroxide and 4 M perchloric acid. The deproteinized
sample was mixed with an ATP reaction mix and the fluorescent signal of each sample was
measured in duplicates. The ATP concentration was calculated using a standard curve and

the background fluorescence was subtracted.
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Proteomics of in vitro cultures

Neonatal microglia were pre-treated with 30 uM spermidine for 2 h. Afterwards, 1 ug/ml LPS
(Sigma, L4391-1MG) was added for 3 h followed by 2 mM ATP (Sigma Aldrich, A6419-5 g)
for 45 min. 300,000 cells were pelleted and further processed for mass spectrometry as

described in the published manuscript 3.

iPSC-derived microglia differentiation

For the differentiation of human induced pluripotent stem cells (iPSCs) into hematopoietic
stem cells and the subsequent differentiation into microglia, the manufacturer’s protocol of
three kits provided by StemCell technologies were followed with a few adjustments
(STEMdiff™ Hematopoiesis Kit (05310), STEMdiff™ Microglia Differentiation Kit (100-0019),
STEMdiff™ Microglia Maturation Kit (100-0020)). In brief, 16-40 colonies of iPSCs per well
were differentiated into hematopoietic stem cells using the provided Medium A for 3 days,
followed by the second stage of differentiation using Medium B for an additional 9 days (Fig.
M2a).

a STEMdiff™ Hematopoietic Kit

Medium  TeSR™ Medium* Medium A (Stage 1)
prmemnamnee % : & } ,
Day -1 0 2 3 5 7 10 12
Plate Aggregates Half-Medium Half-Medium Half-Medium Half-Medium Harvest Cells
Change Change Change Change

b STEMdiff™ Microglia Differentiation and Maturation Kit

0 2 12 24 28-34

fep @ Harvest hematopoietic progenitor cells ® Collect cell suspension and replate ® Collect cell suspension and replate  ® Assay
microglia

Add half-medium volume Add half-medium volume Add half-medium volume
every other day every other day every other day

° ® °
STEMdiff™ Microglia STEMdiff™ Microglia
Differentiation Medium Maturation Medium

Figure M2. iPSC-derived microglia differentiation protocol. Human iPSCs were differentiated into
hematopoietic stem cells and the subsequent differentiation into microglia using the following kits:
STEMdiff™ Hematopoiesis Kit (05310), STEMdiff™ Microglia Differentiation Kit (100-0019), STEMdiff™
Microglia Maturation Kit (100-0020). The figure was adapted from the Kit manuals of StemCell
technologies.
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At day 12 hematopoietic cells were harvested by pipetting them up and down and
subsequently seeded at a density of 1x10° cells in Matrigel®-coated 6-well plates in the
provided microglia differentiation medium. After 12 days of differentiation, cell suspension
was collected, cells pelleted and reseeded in the same 6 well plates and differentiated for
another 12 days. After the microglia differentiation for 24 days, microglia maturation was
induced by collecting the cells and reseeding them into the same 6-well plate at a density of
10° cells/well using microglia maturation medium (Fig. M2b). After 4 days microglia were
collected and 50,000 cells per well were seeded into uncoated 96 well plates in maturation
medium. The iPSC-derived microglia were differentiated by the MDC Stem Cell Core Facility
(Maren Wendt, Dr. Silke Frahm-Barske, Max Delbriick Center for Molecular Medicine Berlin)
and further processed by Kiara Freitag on the following day. Microglia were treated with LPS
(1 pg/ml), ATP (2 mM) and spermidine for the indicated periods. The supernatant was
collected for ELISA using the IL-6 and IL-1B Human ELISA Kit (88-7066-88, 88-7261-22,
ThermoFisher). The protocol described in the method section of the publication ** was

followed.

Statistics

The statistical conditions stated in the manuscript ** also apply for all additional data
presented within this thesis. As controls, spermidine-treated mice were always compared to
H.O-treated mice, which were housed in parallel to the spermidine cohort. The controls for
each specific assay are stated in the respective method section. For in vitro experiments,

non-treated microglia were used as a reference.
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3  RESULTS and DISCUSSION

In this section, the main results of the publication #* are summarized. To avoid redundancy,
the figures of the publication are not repeated here and can be found in the publication in
section 9. The figure labelling refers to the publication. Further data generated in addition to
the published data are embedded in this results section and marked with “M”. Discussion
points which were not mentioned in the publication were added to the respective

subsection.

3.1 Spermidine affects disease-associated microglia in
APPPST mice

Oral treatment of APPPST mice with 3 mM spermidine starting prior disease onset at 30
days resulted in reduced levels of soluble AB40 at 120 days and in reduced levels of soluble
AB40 and AB42 at 290 days (Fig. 1a). Interestingly, spermidine did not affect insoluble AB
levels or AB plaques in size and number (Fig. S1b, c). As the APP production and cleavage
machinery and the abundance of AB-degrading enzymes was not affected by spermidine
(Fig. S1d-g), we suspected that changes in AR phagocytosis or degradation might account
for the reduction in soluble AB.

To receive an unbiased insight into the molecular and transcriptomic changes introduced
by spermidine treatment, we performed single-nuclei RNA sequencing (snRNA-seq) of the
hemispheres of 180-day-old APPPS1 mice treated with spermidine as well as APPPS1 H,0
controls and WT H,0 controls (Fig. 1b). The intermediate time point of 180 days was chosen
to gain insights into a pathology state at which AB plaques are present for a while, however,
the pathology has not reached its end stage yet. The snRNA-seq revealed microglia to show
the strongest transcriptomic changes upon spermidine treatment in APPPS1 mice (Fig. 1e).
Spermidine affected the homeostatic microglia cluster 1 and the disease-associated AD-
specific microglia (DAM) cluster 2. Genes associated with cell motility/ cell migration,
phagocytosis, proliferation and transcription/splicing were altered by spermidine in
microglia (Fig. 1f). As the most pronounced effects of spermidine detected in a gene set
enrichment analysis were on cell migration, microtubule and cell adhesion pathways and
the role of spermidine in regulating microglial migration was not described before, we

assessed the migratory effects of spermidine in vitro. Matching our snRNA-seq findings,
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spermidine promoted microglia migration in a scratch wound healing and in a transwell
migration assay (Fig. 1h-i). These findings correlate well with very recent data showing that
spermidine increased cell migration and proliferation in a porcine intestinal epithelial cell
line “8. During aging and especially pronounced with AD pathology microglia dynamics
become impaired, leading to deficient surveillance and chemotaxis “>*°. Thus, the reversal
of AD-associated microglial changes on cell migration by spermidine might maintain
microglia in their surveillance mode.

Interestingly, spermidine especially increased the abundance of the DAM-microglia cluster
2 (Fig. 2a) and promoted genes associated with proliferation (Fig. S2k). Even though
microgliosis can be observed in AD, it is still debated whether an increase in microglia is
beneficial or detrimental. As we found that spermidine increases the motility and phagocytic
behavior of these DAM microglia, we rather consider the enlargement of such a population
as protective.

To validate that spermidine indeed affects DAM microglia, we stained for the DAM marker
and receptor tyrosine kinase AXL and found that the AXL intensity normalized to the IBA1-
positive area was increased upon spermidine treatment in APPPS1 mice (Fig. 2c).

In addition, the number of IBA1-positive microglia around 4G8-positive plaques was
assessed in the cortex by staining of brain sections of spermidine-treated APPPS1 and H,0
control mice (Fig. M3a). The number of IBA1-positive cells 30 um around 4G8-positive
plaques (Fig. M3b) as well as the total number of IBA1-positive cells were not altered by
spermidine treatment in APPPS1 mice (Fig. M3c), supporting the snRNA-seq finding that
only the DAM-microglia cell fraction was affected by spermidine. To investigate the amount
of 4G8-positive plaque-associated A internalized by IBA1-positive microglia, radial intensity
profiling of 4G8 and IBA1 was performed around the center of the nucleus of IBA1-positive
microglia at plaques. No difference in the radial plots of spermidine and H,O-treated
APPPS1 mice were found (Fig. M3d). This data, in correlation with Fig. S1, emphasizes that
spermidine indeed did not alter the uptake of insoluble/plaque-based AB by microglia and
specifically targets the degradation of soluble AB. This finding was further underlined by the
increased degradation of fluorescently labelled oligomeric AB, which we found upon
spermidine treatment of primary neonatal microglia (Fig. 2d).

In summary, spermidine seems to keep microglia in an early activated state with protective
properties such as increased phagocytosis, cell motility, cell migration and proliferation and

thereby potentially induces the degradation of soluble AB.
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Figure M3. No effect of spermidine on the amount of IBA1-positive microglia and the microglial
degradation of insoluble A plaques. (a) Tissue sections of 290-day-old mice were stained for IBA1 (green)
and 4G8 (white). Representative images are shown. Scale bar = 25 ym. The total number of IBA1-positive
cells (b) and the number of IBA1-positive cells per plague using a radius of 30 um around each plaque (c)
was determined. (d) Radial intensity profiles of 4G8 and IBA1 were calculated around the center of the
nucleus of plaque-based IBA1-positive microglia; n = 12—-14, two-tailed t-test. The data was quantified by
the Advanced Medical Bioimaging Core Facility (Dr. Niclas Gimber, Charité-Universitdtsmedizin Berlin).
The figure was self-created.

3.2 Spermidine targets oligodendrocytes

As mentioned above, the effect of spermidine and autophagy was previously largely studied
in neurons with little data on microglia and only very few data on astrocytes and
oligodendrocytes. By snRNA-seq, we analyzed the transcriptomic changes upon spermidine
treatment in all brain cell populations (Fig. M4a, b). While microglia revealed the most
prominent and relevant transcriptomic changes and almost no changes were found in
astrocytes, spermidine also affected the transcriptome of oligodendrocytes (Fig. 1e). A
breakdown of myelin and the loss of myelin sheath are regarded as one of the initial steps
in the early AD pathology which might even appear before the AR and tau pathology.
Furthermore, impaired repair of oligodendrocyte precursor cells (OPCs) contributes to the

progression of the disease pathology, thus indicating that oligodendrocytes also play a
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crucial role in AD ©. Differential gene expression analysis comparing the oligodendrocyte
population of spermidine-treated with H,O APPPS1 mice revealed alterations in genes
involved in heat shock response (Hsp90aal, Hsp90ab1, Cryab, Fkbp4, St13, Dnajal),
proliferation (Phida1, Ptma, Ghr, Orc6), cytoskeleton/ extracellular matrix (Fnbp1, Colgalt1),
transcription (Rbfox1, Eny2) and inflammatory processes (Reep5) (Fig. M4c, d). Gene set
enrichment analysis showed several heat shock response pathways to be downregulated
upon spermidine treatment (Fig. M4e). Heat shock response is a protective mechanism
induced upon cellular stress and mediated by chaperons, which controls proper protein
folding and the neutralization of misfolded proteins. Heat shock proteins as HSP90 were
found to be increased in the brains of AD patients in response to accumulating AB, however,
chronically the heat shock response is downregulated in AD patients and mouse models 2.
The reduction in heat shock response genes in oligodendrocytes might be due to the fact
that less cellular stress is induced by soluble AB in spermidine-treated APPPS1 mice.
Interestingly, HSP90 and REEP5 were shown to induce inflammation '2°' and were
downregulated upon spermidine treatment (Fig. M4d). While microglia are considered the
main immune cells of the brain, recently, also so-called disease-associated
oligodendrocytes (DOLs) were found to express immune-related transcriptome signatures
in the AD-model 5xFAD *2. To assess whether spermidine might also exert some of its anti-
inflammatory effects by affecting oligodendrocytes, we investigated the effect of
spermidine on the inflammatory response of oligodendrocytes in vitro. Oligodendrocytes
positive for the mature marker O4 were isolated from neonatal mice by magnetic activated
cell sorting (MACS). In comparison to microglia, oligodendrocytes produce cytokines in
response to cytokines released by microglia. We therefore tested which stimuli induced a
release of IL-6 in cultured oligodendrocytes. Among the stimuli TNF-q, IL-13, TGF-B and poly
I:C, IL-1B triggered the strongest release of IL-6 (Fig. M4f). Co-treatment with 30 uM
spermidine significantly reduced the IL-1B-induced IL-6 release by oligodendrocytes (Fig.
M4g), indicating that spermidine also targets oligodendrocytes-mediated inflammation.
Although the effect of spermidine on oligodendrocytes has not yet been described to our
knowledge, spermidine protected from demyelination and inflammation in an experimental
autoimmune encephalomyelitis (EAE) mouse model 3. In general, autophagy is essential for
the differentiation of oligodendrocytes as well as transporting membrane proteins and lipids
to produce new myelin and to compact myelin %, thus suggesting that spermidine might
affect myelination by the induction of autophagy. To summarize, a common denominator of
the effects of spermidine on oligodendrocytes and microglia are the anti-inflammatory
properties of spermidine and its effect on proliferation, transcription and cytoskeletal genes.
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Figure M4. Spermidine targets oligodendrocytes.

(See legend on the following page)
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Figure M4. Spermidine targets oligodendrocytes. (a) APPPS1 mice were treated with 3 mM spermidine
from 30 days to 180 days of age. FACS-sorted DAPI-stained nuclei of hemispheres from spermidine-
treated APPPS1, H,0 APPPS1 and H,0 control mice were used for single nuclei sequencing using the
10x Genomics platform (n = 3). The data were analyzed by the Core Unit Bioinformatics (Dr. Benedikt
Obermayer, Berlin Institute of Health). Figure was adapted from publication Fig. 1b 43. (b) UMAP
embedding and clustering of the snRNA-seq data. The oligodendrocyte and OPC cluster is highlighted.
Figure was adapted from publication Fig. 1c 43. (¢) Volcano plot of genes differentially expressed in
oligodendrocytes of spermidine-treated vs. H,O APPPS1 mice are shown. Genes with adj. p-value < 0.01
are highlighted in red and top 5 up- and down-regulated genes are indicated. (d) Dot plot for selected
genes in a cell-type-specific differential expression analysis between spermidine-treated and H,0
APPPS1 mice and H20 APPPS1 and wild type (WT) mice. Color scale shows log2 fold change, dot size
represents adjusted p value. Associated pathways are color-coded. (e) Top gene sets from a gene set
enrichment analysis of differential expression between spermidine-treated and H,0 APPPS1 mice using
tmod are shown. (f) Neonatal oligodendrocytes isolated by MACS were treated with poly I:C, IL-18, TNF-
a and TGF-B for 24 h. (g) Neonatal oligodendrocytes were treated with IL-18 and the indicated
concentrations of spermidine as depicted in the scheme. IL-6 concentration in the cell supernatant was
assessed by ELISA; n = 3 — 4; one-way ANOVA, Dunnett’s post hoc test. * p < 0.05, ** p < 0.01, *** p <
0.001. The graphics in (a) and (f) were created with Biorender.com (self-created figure).

3.3 Spermidine reverts AD-associated proteome in microglia
of APPPS1T mice

Autophagy is known to exert a large extent of its effects rather on protein than on
transcriptomic level. We previously showed that autophagy is required for the degradation
of the inflammasome and thereby for inhibiting the production of IL-1B 4. To complement
our transcriptomics data, we performed liquid chromatography tandem mass spectrometry
of microglia isolated from the hemispheres of spermidine-treated APPPS1 mice, APPPS1
H,0 controls, spermidine-treated wild type mice and wild type H20 controls at 180 days (Fig.
3a, Fig. M5a). We specifically focused on microglia for the proteomic screening, as they
revealed most of the transcriptomic changes. All differentially expressed proteins found in
spermidine-treated APPPS1 mice compared to H,O APPPS1 mice were regulate opposite to
the changes induced in the APPPS1 mice in comparison to the wild type mice (Fig. 3b, M5b),
indicating that spermidine reverted AD-associated changes in the APPPS1 mice. A gene set
enrichment analysis revealed that spermidine targeted cytoskeleton, actin and microtubule-
as wells as inflammation-associated pathways (Fig. 3c). Spermidine clearly downregulated
many cytokine pathways including inflammasome, IL-1 processing and IL-6 signaling
pathways (Fig. 3d), correlating with the previously described anti-inflammatory effect of
spermidine in an EAE, Multiple sclerosis, mouse model 3*. Furthermore, spermidine
enhanced pathways associated with autophagy underlining that spermidine might exert its
effects by autophagy induction (Fig. 3d). By direct comparison of the pathways changed in

APPPS1T mice with the pathways found to be affected by spermidine treatment, we found
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that spermidine treatment reversed the downregulation of actin- and microtubule-
associated pathways as well as the upregulation of inflammation, glycolysis,
gluconeogenesis and oxidative phosphorylation (Fig. 3e). The subsequent CNS-wide anti-
inflammatory effects of spermidine measured by reduced cytokine levels in the
hemispheres of APPPS1 mice at 290 days further underlined the protective effects of
spermidine in APPPS1 mice (Fig. 3f).

By evaluating the underlying differentially expressed proteins in spermidine-treated APPPS1
mice in comparison to H,0 control APPPS1 mice, SP110, ORAIT and MEF2C were among
the top upregulated proteins and OSBPL2 among the top downregulated proteins (Fig. M5b).
Interestingly, SP110 was downregulated in the APPPS1 mice and its level even increased
above that of wild type mice after spermidine treatment (Fig. M5¢). SP110 is involved in
transcriptional regulation and downregulates multiple immune response and apoptosis-
related genes °* and thus, may account for the anti-inflammatory effects of spermidine.
ORAI1 is a calcium modulator and its downregulation by siRNA blocked Angiotensin II-
induced autophagy in cardiomyocytes °°. Thus, autophagy induction by spermidine may be
mediated by restoring ORAI1 levels in APPPS1 mice to wild-type levels (Fig. M5d). MEF2C is
barely described in microglia, however, as it is dysregulated in Parkinson’s disease and its
activation required for neuronal survival %6758, its upregulation may result in neuroprotective
effects of spermidine (Fig. M5e). The Oxysterol Binding Protein Like 2 (OSBPL2) is involved
in the intracellular transport of cholesterol from the plasma membrane to the endoplasmic
reticulum. Cholesterol transport disturbances are a key hallmark of AD and an upregulation
of OSBPL2 was also observed in APPPS1 mice *°. Since spermidine treatment reduced
OSBPL2 to wild type levels, spermidine might also affect AD-associated cholesterol pathway
changes (Fig. M5f). Taken together, the observed anti-inflammatory, autophagic and anti-
AD associated properties of spermidine found by gene set enrichment analysis are also
reflected on single protein level.

Increased glycolytic activity is yet another classical hallmark of microglia activation, as
microglia switch their metabolic phenotype from oxidative phosphorylation to glycolysis.
The enhanced glucose uptake and glycolytic activity is associated with increased
neuroinflammation °. Thus, spermidine-induced changes in the glycolytic activity (Fig. 3e)
might account for the anti-inflammatory effects resulting in an overall reduction in microglia
activation. In line with this, spermidine supplementation partially restored mitochondrial
respiration and the number of mitochondria in aged mice and flies %2, To validate the
findings on the energy metabolism, we treated neonatal microglia with spermidine for 6 h
and measured the intracellular ATP levels by using a luminescence based assay. Spermidine
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significantly increased the production of ATP at a concentration of 100 pM (Fig. M5g),

underlining the observed proteomics results (Fig. 3). However, to determine the source of

ATP and whether glycolysis or oxidative phosphorylation is indeed altered by spermidine,

further in-depth analyses are required.

Summarized these data show that spermidine interferes with AD-associated changes at

multifarious points to maintain microglial metabolism.
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Figure M5. Spermidine reverts AD-associated proteome in microglia of APPPS1 mice.

(See legend on the following page)
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Figure M5. Spermidine reverts AD-associated proteome in microglia of APPPS1 mice. (a) Microglia were
isolated from 180-day-old male APPPS1 mice by MACS and the proteome analyzed by liquid
chromatography tandem mass spectrometry. The data were analyzed by the High-Throughput Mass
Spectrometry Core Facility (Dr. Vadim Farztdinov, Charité-Universitatsmedizin Berlin). Figure was adapted
from the publication Fig. 3a 43. (b) Protein regulation in contrast 2 (APPPS1 spermidine—APPPS1 H,0, y
axis) and in contrast 1 (APPPS1 H,0,—WT H;0, x axis) were compared using a scatterplot. Spermidine-
regulated proteins that show an anti-APPPS1 effect were marked in red. Figure was adapted from the
publication Fig. 3b 43. (c-f) Selected proteins showing significant differential expression upon spermidine
treatment in APPPS1 mice were plotted and the protein regulation compared between APPPS1 H,0,
APPPS1 spermidine, wild type (WT) H,0 and WT spermidine. The p-value for the comparison of APPPS1
spermidine (SPD) vs. APPPS1 H,0 as well as the comparison APPPS1 H;0 vs. WT H,0 is shown. n = 4. (g)
Neonatal microglia were treated with the indicated concentrations of spermidine for 6 h and the ATP
content was determined using an ATP Assay Kit (Abcam). n = 3; one-way ANOVA, Dunnett’s post hoc test.
* p < 0.05. The figure (c-g) were self-created. The graphics in (a) and (g) were created with Biorender.com.

3.4 Spermidine reduces the activity of the NLRP3
inflammasome

As the anti-inflammatory effects of spermidine were among the top-regulated pathways in
the proteomics analysis, we performed an in-depth investigation of the underlying pathways
using an in vitro approach. Spermidine treatment of neonatal microglia activated with
different stimuli (LPS/ATP, poly I:C and AB) resulted in a dose-dependent reduction of
released cytokines (Fig. 4b-d). Accordingly, spermidine reduced the transcriptional
production of cytokines on mRNA level by interfering with the phosphorylation of the
transcription factor NF-kB (Fig. 4d-f). Spermidine also significantly reduced the cytokine
response of LPS/ATP-treated slice cultures of APPPS1 and wild type mice (Fig. 4a), showing
that spermidine can directly interfere with neuroinflammation in these mice. Our in vitro
analysis revealed that spermidine exerts anti-inflammatory effects with regard to TLR4
(LPS/ATP) and TLR3 (poly I:C)-driven microglia activation as well as TLR3-driven astrocyte
activation. Thus, in vitro the effect of spermidine seem to be genuine with regard to the
stimulus and glial cell type.

Correlating with the proteomics analysis of the spermidine-treated APPPS1 mice, we found
that spermidine exerts some of its functions solely on protein level. Spermidine interfered
with the assembly of the inflammasome by reducing the number of ASC specks in LPS/ATP-
treated microglia (Fig. 5e-f). By inhibiting the activation of the NLRP3 inflammasome,
reduced levels of IL-1B and IL-18 were released upon LPS/ATP treatment by microglia (Fig.
5b, c). The NLRP3 inflammasome is a multimeric complex consisting of NLRP3, ASC and
CASP1. The assembly and cleavage of Pro-CAPS1 is required for the subsequent cleavage
of the precursors of IL-1B and IL-18 into its active form. To our knowledge no studies of the

effect of spermidine on the inflammasome have been described so far, elucidating a novel
27



target mechanism of spermidine. However, multiple studies showed that the NLRP3
inflammasome is activated in AD patients and that its absence reduced neuroinflammation
as well as AB and tau pathology ¢3%4. Thus, reducing the NLRP3 inflammasome activity
presents an additional way of spermidine to interfere with AD pathology and microglia

activation.

3.5 Spermidine reverts proteomic changes in activated
microglia in vitro

To unbiasedly assess which direct effect spermidine has on microglia, we performed liquid
chromatography tandem mass spectrometry of microglia treated with LPS/ATP and 30 uM
spermidine similar to the in vivo proteomics analysis shown in Fig. 3 (Fig. M6a). In a principal
component analysis (PCA) spermidine treatment of pre-activated neonatal microglia
resulted in a distinct clustering of microglia close to non-treated microglia (Fig. Méb). To
assess how spermidine modulates the proteome of LPS/ATP-treated neonatal microglia,
linear modelling was performed integrating the proteins changing upon spermidine
treatment as well as between LPS/ATP-treated and control microglia. Similar to the in vivo
data, a clear anti-correlation (R? =0.977) between the LPS/ATP-mediated and spermidine-
mediated effect was observed (Fig. M6c). This underlines the protective effects of
spermidine on microglia activation. In total, 826 proteins were differentially regulated by
spermidine treatment, which exceeds the number of regulated proteins found in vivo (Fig.
Mé6d). To determine which pathways are altered by spermidine treatment, we used a gene-
set enrichment analysis (GSEA) with a specific focus on molecular function terms (GO:MF).
The top upregulated pathways upon spermidine treatment were mRNA binding and
transcription, while also ubiquitin-specific protease binding pathways were found to be
upregulated. lon transporter activity, lipid transport activity as well as IL-6 receptor binding
and apolipoprotein pathways were among the downregulated pathways (Fig. M6e). The
spermidine-mediated effects on mRNA and transcription correlate well with the observed
regulation of the transcription factor NF-kB (Fig. 4d-f), which resulted in a reduced
expression of cytokine mRNAs. Again, these results indicate that spermidine may also affect

lipid metabolism, making it an interesting avenue for future investigations.
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Figure M6. Spermidine reverts proteomic changes in activated microglia in vitro.

(See legend on the following page)
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Figure M6. Spermidine reverts proteomic changes in activated microglia in vitro. (a) Mass spectrometry
of neonatal microglia treated with LPS (1 ug/ml), ATP (2 mM) and spermidine (30 pM) as indicated in the
scheme, n = 4. The data were analyzed by the High-Throughput Mass Spectrometry Core Facility (Dr. Vadim
Farztdinov, Charité-Universitatsmedizin Berlin). (b) PCA plot of data matrix reduced to significantly
regulated proteins (alpha = 0.01, FC threshold = 1.55) in the contrast LPS/ATP/spermidine vs. LPS/ATP.
(c) Scatterplot of protein regulation in contrast (LPS/ATP/spermidine—LPS/ATP, y axis) vs. its regulation
in contrast (LPS/ATP—control, x axis). (d) Volcano plot of proteins regulated in contrast
LPS/ATP/spermidine vs. LPS/ATP. Red dots mark significantly regulated proteins (alpha = 0.01, FC
threshold = 1.55). Only the top regulated proteins with p-value < 1E-5 are labelled. (e) Volcano plot of GSEA
enrichment of GO MF terms. Normalized enrichment score of functional terms is shown on the x-axis,
while the y-axis represents the - log10 of its false discovery rate. Selected terms were labelled. (f) Dot plot
of selected functional terms from Wiki pathways related to neuroinflammation and degeneration is shown.
The comparison of responses to the different stimuli (AR in APPPS1 mice and LPS/ATP) and to spermidine
in adult microglia in vivo and neonatal microglia in vitro are shown. The graphic in (a) was created with
Biorender.com (self-created figure).

To compare how well our LPS/ATP in vitro model reflects microglial changes occurring in
APPPS1 mice, we performed a comparative gene set enrichment analysis. Plotting the
pathway differences of APPPS1 vs. wild type and LPS/ATP vs. non-treated next to each
other revealed similar changes regarding neuroinflammation, complement activation, focal
adhesion and AD-related pathways. Likewise, the comparisons APPPS1 spermidine vs.
APPPS1 H,0 and LPS/ATP spermidine vs. LPS/ATP revealed very similar effects of
spermidine in both model systems. Only few differences in the regulation pattern were found
regarding TCA cycle, oxidative stress and redox pathway, fatty acid oxidation and
mitochondrial gene expression (Fig. Méf). Since oxidative stress and dysfunction of
mitochondria are features of AD largely driven by the brain microenvironment © and
neonatal microglia were kept in growth medium supplemented with 10% FCS, these features
were only targeted by spermidine in vivo. All in all, those results indicate the validity of the
used in vitro models to study neuroinflammation and a robust and consistent effect of

spermidine on activated microglia.

3.6 Anti-inflammatory properties of spermidine in human
iIPSC-derived microglia

To transfer our murine findings on the beneficial role of spermidine in microglia into a
human context, we differentiated human iPSCs into hematopoietic stem cells and
subsequently into human microglia in collaboration with the stem cell core facility (MDC)
using kits from stem cell technologies. After 6 weeks of differentiation, microglia were
treated with LPS/ATP and spermidine for 5:45 h and the cytokine release into the cell

supernatant was measured (Fig. M7a). The iPSC-derived microglia responded well to
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LPS/ATP treatment by releasing IL-18 and IL-6, however, no effect of spermidine was
observed using the stimulation scheme established of mouse microglia (Fig. M7b, c). Longer
incubation with spermidine for 9:45 h significantly reduced the release of IL-6 upon LPS/ATP
treatment (Fig. M7b), indicating that the iPSC-microglia require a longer treatment with
spermidine to exhibit similar anti-inflammatory effects of spermidine to the mouse
microglia. Interestingly, IL-1B levels were not significantly reduced by spermidine treatment,
which might be due to the fact that IL-6 and IL-1$3 have distinct signaling pathways. Although
these results are preliminary and need to be repeated independently, these findings suggest
that the anti-inflammatory effects of spermidine are genuine and may also be protective in

neuroinflammatory diseases in humans.
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Figure M7. Spermidine exhibits anti-inflammatory effects in human iPSC-derived microglia. (a) Human
iPSCs were differentiated into hematopoietic stem cells and subsequently into microglia. Finally,
microglia were matured and treated at day 42 with LPS (1 pg/ml) and ATP (2 mM) and the indicated
concentrations of spermidine as depicted in the scheme. (b-c) IL-6 and IL-1B concentration in the cell
supernatant was assessed by ELISA; n = 3 (replicates from same cell line); one-way ANOVA, Dunnett’s
post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001. The graphic in (a) was created with Biorender.com
(self-created figure).
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4  CONCLUSION and OUTLOOK

Within this thesis, | identified protective and disease-ameliorating effects of spermidine on
key hallmarks of AD, namely neurotoxic soluble AB, neuroinflammation and microglial

activation, thus making spermidine a promising target to be further studied as a potential
therapeutic agent (Fig. M8).
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Figure M8. Graphical abstract of thesis findings. Differences regarding AB levels, neuroinflammation and
microglia changes found between spermidine-treated and H20 control APPPS1 mice are shown side-by-
side. In vitro findings are summarized in the cell below showing the inhibitory effect of spermidine on the
inflammasome assembly and NF-kB-mediated cytokine release. The figure was self-created with
Biorender.com.
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4.1 Limitations of this work and future questions

The effect of spermidine on AD pathology was investigated here using the mouse model
APPPS1 exhibiting AB plaque pathology and neuroinflammation. As every model organism,
it bears the disadvantage of not modelling all aspects of AD. The effect of spermidine on
tau pathology as well as on cognitive deficits could not be assessed using this mouse
model. The effects of spermidine supplementation on tau pathology has not been
investigated so far, however, dysregulated polyamine metabolism by overexpression of
AZIN2 resulted in increasing tau pathology in PS19 mice, indicating that spermidine might
also regulate tau pathology #'. Even though cognitive impairment is one of the key
symptoms of AD patients, data from our group revealed only very small changes in behavior
and neurodegeneration in APPPS1 mice %57, Thus, we chose to assess the most prevalent
phenotypes, namely AB pathology, neuroinflammation and glial changes. Additionally,
neuronal and behavioral/cognitive assessment upon spermidine supplementation has been
studied previously in non-AD-like mice 3849,

The APPPS1 mouse strain presents with a rather aggressive and fast AB pathology.
Spermidine specifically reduced soluble AR without affecting plaque-based AB. It is still
highly debated whether plaque-based AR is detrimental for the disease progression. Recent
findings suggest that microglia might compact AB in form of plaques as a protective
measure to avoid neurotoxicity of soluble AB 2°. In this context, any procedure resulting in a
significant reduction of 40 % in soluble AB as it occurs upon spermidine treatment in 120-
and 290-day-old mice may be regarded as a promising tool to modulate A pathology, even
though AB plaques are not affected. Within this work, we provided many unknown
mechanistic insights of spermidine including changes in DAM, oligodendrocytes, cell
migration, phagocytic AXL levels, AB degradation, inflammasome assembly and anti-
inflammatory effects. While we determined the in vitro effects of spermidine to be
autophagy dependent (Fig. S5), it remains to be elucidated whether the in vivo effects of
spermidine are mediated by autophagy induction. Further experiments using autophagy-
deficient APPPS1 mice e.g. BECN1/o¥flox.CX3CR1¢*¥R™2 mjce with a microglia specific
deletion in BECN1 would be required to determine this dependence. These experiments will
be part of future investigations.

All in all, we cannot rule out that spermidine exhibits systemic effects and influences the
periphery as spermidine is orally administered. However, recent data using deuterium-
labelled spermidine indicated that spermidine indeed crosses the blood-brain-barrier and

reaches the brain 8. Therefore, spermidine may act directly on glial cells and their
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metabolism. As oral application brings major advantages for a potential clinical application,
it was more meaningful to apply spermidine orally instead of using pumps for direct
administration to the brain. For future experiments it may be of interest to determine
whether the brain-driven changes mediated by spermidine are accountable for the disease-

ameliorating effects or whether secondary peripheral effects may have an influence.

4.2 Significance of the work and clinical applications

One major challenge in AD research remains to halt, cure or prevent the disease. Even
though the socioeconomic burden with around 6.5 Mio people suffering from AD worldwide
is huge %8, so far mostly symptomatic treatment is possible. As direct therapeutic targeting
of AB pathology remained largely unsuccessful, it may be more promising to target other
hallmarks of AD, namely neuroinflammation or dysfunction of autophagy. Autophagy
activating drugs such as rapamycin were assessed before, showing an amelioration of AR
and tau pathology as well as cognitive benefits 7%, However, these drugs have substantial
side effects, severely hampering their application in vivo and/ or in clinical settings ”'. Thus,
administration of such drugs pose obvious safety concerns and highlight the unmet need
for assessing alternative tolerable and efficient autophagy activators. Additionally, the
pathogenetically relevant mechanisms by which autophagy modulation affects AD
pathology were yet largely unknown. Thus, we set out to investigate the effect of the well-
tolerable polyamine spermidine on AD pathology and identified AD ameliorating effects of
spermidine. Spermidine supplementation in various model organisms and in clinical trials
did not reveal known side effects and bears the advantage of oral administration 387274,
which would allow long-term treatment. The decline of spermidine levels with age ?’ may
result in dysfunctional autophagy which in turn may initiate the accumulation of AB. Thus,
supplementing spermidine in aging people may be a promising approach to counteract AD
pathology.

Clinical studies using spermidine have not been conducted yet in the context of AD.
However, the preliminary effects of spermidine supplementation on individuals with
subjective cognitive decline *372774 in combination with our findings in an AD-like mouse

model, are an ideal basis to encourage and extend clinical studies to AD patients.
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Abstract

Background: Deposition of amyloid beta (Af3) and hyperphosphorylated tau along with glial cell-mediated neu-
roinflammation are prominent pathogenic hallmarks of Alzheimer’s disease (AD). In recent years, impairment of
autophagy has been identified as another important feature contributing to AD progression. Therefore, the potential
of the autophagy activator spermidine, a small body-endogenous polyamine often used as dietary supplement, was
assessed on AR pathology and glial cell-mediated neuroinflammation.

Results: Oral treatment of the amyloid prone AD-like APPPS1 mice with spermidine reduced neurotoxic soluble AB
and decreased AD-associated neuroinflammation. Mechanistically, single nuclei sequencing revealed AD-associated
microglia to be the main target of spermidine. This microglia population was characterized by increased AXL levels
and expression of genes implicated in cell migration and phagocytosis. A subsequent proteome analysis of isolated
microglia confirmed the anti-inflammatory and cytoskeletal effects of spermidine in APPPST mice. In primary micro-
glia and astrocytes, spermidine-induced autophagy subsequently affected TLR3- and TLR4-mediated inflammatory
processes, phagocytosis of AR and motility. Interestingly, spermidine regulated the neuroinflammatory response of
microglia beyond transcriptional control by interfering with the assembly of the inflammasome.

Conclusions: Our data highlight that the autophagy activator spermidine holds the potential to enhance AR degra-
dation and to counteract glia-mediated neuroinflammation in AD pathology.

Keywords: Alzheimer's disease, Neuroinflammation, Microglia, Astrocytes, Autophagy, Spermidine, Dietary
supplement, Single nuclei sequencing, Liquid chromatography tandem mass spectrometry, Phagocytosis

Background

Alzheimer’s disease (AD) is the most common neuro-
degenerative disease and the leading cause of dementia
worldwide. Pathologically, AD is defined by the following

"Frank L. Heppner and Marina Jendrach contributed equally to this work hallmarks: extracellular plaques containing amyloid-beta
*Correspondence: marinajendrach@charite.de (AB), neuroﬁbrillary tangles Consisting of hyperphos—
! Department of Neuropathology, Charité, Universititsmedizin Berlin, phorylated microtubule-associated PrOtein tau, loss of
corporate member of Freie Universitit Berlin, Humboldt-Universitat Zu Berlin, neurons and neuroinflammation. Over the last decade, a
Berlin Institute of Health, Berlin, Germany large body of evidence revealed a substantial involvement
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of microglia, the brain’s intrinsic myeloid cells, in regu-
lating and potentially driving AD pathogenesis. Micro-
glia are essential for maintaining brain homeostasis and
respond to AD pathology by transforming into disease-
associated microglia (DAM) [1], an activated and tran-
scriptionally distinct state, which is associated with
alterations in proliferation, phagocytic behavior and
increased cytokine production [2]. Similarly, astrocytes
produce cytokines upon activation with AP [3, 4]. The
link between neuroinflammation and neurodegenera-
tive diseases is strengthened by the profound effects of
maternal immune activation (e.g., by poly I:C injections)
on the development of neurodegenerative diseases [5-7],
thus demonstrating a crucial role of inflammatory events
in the initiation of a vicious cycle of neuropathological
alterations.

A growing set of data, including those derived from
genome-wide association studies of various human
diseases by the Wellcome Trust Case Control Con-
sortium [8], indicates that autophagy, one of the main
degradation and quality control pathways of the cell, is
dysregulated in AD patients and AD mouse models [9,
10]. Autophagy may interfere with AD pathology either
by regulating AP degradation and/or by modulating neu-
roinflammatory processes. For both interference points,
the mechanisms and target cells are still not fully under-
stood. Mice deficient in the autophagic protein ATG16L1
exhibited a specific increase of Interleukin (IL)-1p and
IL-18 in macrophages and severe colitis, which was
ameliorated by anti-IL-1p and IL-18 antibody admin-
istration [11]. Recently, we could show that a reduction
of the key autophagic protein Beclinl (BECN1), which
is also decreased in AD patients [12, 13], resulted in an
enhanced release of IL-1p and IL-18 by microglia [14].
The multimeric NLRP3 inflammasome complex, respon-
sible for processing Pro-IL-1p and Pro-IL-18 into its
mature forms by activated Caspase-1 (CASP1) [15], was
shown to be degraded by autophagy [14, 16]. Lack of the
NLRP3-inflammasome axis resulted in amelioration of
neuroinflammation and disease pathology in several neu-
rodegenerative mouse models [17-19], thus emphasizing
that activation of autophagy presents an intriguing thera-
peutic target to counteract neuroinflammation.

The small endogenous polyamine and nutritional sup-
plement spermidine is known to induce autophagy by
inhibiting different acetyltransferases [20, 21] and to
extend the life span of flies, worms and yeast [21-24]. In
addition, spermidine supplementation improved clini-
cal scores and neuroinflammation in mice with experi-
mental autoimmune encephalomyelitis (EAE) [24, 25],
protected dopaminergic neurons in a Parkinson’s disease
rat model [26], and exhibited neuroprotective effects
and anti-inflammatory properties in a murine model of
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accelerated aging [27]. Consistent with these observa-
tions, spermidine decreased the inflammatory response
of macrophages and the microglial cell line BV2 upon
LPS stimulation in vitro [28-30]. Recent data showed
that polyamines improved age-impaired cognitive func-
tion and tau-mediated memory impairment in mice [31,
32] and impaired COVID-19 virus particle production
[33]. These findings led us to investigate the yet unknown
potential of spermidine to interfere with AD pathology
and chronic neuroinflammation.

Here, we show that spermidine treatment of the AD-
like APPPS1 mice reduced soluble A species. Applying
single nuclei sequencing and liquid chromatography tan-
dem mass spectrometry, crucial underlying changes in
microglia, namely, the DAM marker AXL and pathways
associated with cell migration, phagocytosis, autophagy
and anti-neuroinflammation were identified. At later
stages of disease pathology, spermidine reduced a CNS-
wide AD-associated neuroinflammation in vivo, which
correlates with targeting key inflammatory signaling
pathways in vitro. We, therefore, provide evidence that
spermidine enhances degradation of AP and subsequently
counteracts microglia-mediated neuroinflammation.

Materials and methods

Mice and spermidine treatment

APPPS1"/~ mice [34] were used as an Alzheimer’s dis-
ease-like mouse model. CaspI~'~ mice were a kind gift
from F. Knauf and M. Reichel, Medizinische Klinik m.S.
Nephrologie und Internistische Intensivmedizin, Charité
Berlin. Beclin111* mice were a kind gift from Tony
Wyss-Coray (Stanford University School of Medicine/
USA).

APPPS1"/~ mice and littermate wild type control (WT)
mice were treated with 3 mM spermidine dissolved in
their drinking water (changed twice a week) from an age
of 30 days until an age of either 120 days or 290 days.
Control mice received only water (H,O). Prior to each
exchange of the drinking bottles, the weight of the bottles
was determined and used to calculate the average volume
consumed per animal per day. Animals were kept in indi-
vidually ventilated cages with a 12 h light cycle with food
and water ad libitum. All animal experiments were con-
ducted in accordance with animal welfare acts and were
approved by the regional office for health and social ser-
vice in Berlin (LaGeSo).

Tissue preparation

Mice were anesthetized with isoflurane, euthanized by
CO, exposure and transcardially perfused with PBS.
Brains were removed from the skull and sagitally divided.
The left hemisphere was fixed with 4% paraformalde-
hyde for 24 h at 4 °C and subsequently immersed in 30%
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sucrose until sectioning for immunohistochemistry was
performed. The right hemisphere was snap-frozen in
liquid nitrogen and stored at — 80 °C for a 3-step pro-
tein extraction using buffers with increasing stringency
as described previously [35]. In brief, the hemisphere
was homogenized in Tris-buffered saline (TBS) buffer
(20 mM Tris, 137 mM NaCl, pH=7.6) to extract solu-
ble proteins, in Triton-X buffer (TBS buffer containing
1% Triton X-100) for membrane-bound proteins and in
SDS buffer (2% SDS in ddH,0O) for the SDS-soluble frac-
tion of AP, which we here refer to as insoluble AB. The
protein fractions were extracted by ultracentrifugation
at 100,000 g for 45 min after initial homogenization with
a tissue homogenizer and a 1 ml syringe with G26 can-
nulas. The respective supernatants were collected and
frozen at — 80 °C for downstream analysis. Protein con-
centration was determined using the Quantipro BCA
Protein Assay Kit (Pierce) according to the manufactur-
er’s protocol with a Tecan Infinite® 200 Pro (Tecan Life
Sciences).

Quantification of A levels and pro-inflammatory
cytokines

AB40 and AP42 levels of brain protein fractions were
measured using the 96-well MultiSpot V-PLEX Ap
Peptide Panel 1 (6E10) Kit (MesoScale Discovery,
K15200E-1). While the TBS and TX fraction were not
diluted, the SDS fraction was diluted 1:500 with Diluent
35. Cytokine concentrations were measured in the undi-
luted TBS fraction or in the cell supernatant using the V-
PLEX Pro-inflammatory Panel 1 (MesoScale Discovery,
K15048D1). For all samples, duplicates were measured
and concentrations in the TBS fraction normalized to
BCA values.

Histology

Paraformaldehyde-fixed and sucrose-treated hemi-
spheres were frozen and cryosectioned coronally at
40 pum using a cryostat (Thermo Scientific HM 560).
Details for the different staining procedures are described
in the Additional file 2.

Brain slice culture

The brains of C57Bl1/6] and APPPS1 mice were harvested,
the cerebellum removed and the hemispheres mounted
on a cutting disk using a thin layer of superglue. Hemi-
spheres were cut using the Vibratome platform sub-
merged in chilled medium consisting of DMEM medium
(Invitrogen, 41966-029) supplemented with 1% penicil-
lin/streptomycin (Sigma, P0781-20ML). Coronal slicing
was performed from anterior to posterior after discard-
ing the first 1 mm of tissue generating 10 x 300 pm
sequential slices per brain with vibrating frequency set to
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10 and speed to 3. Brain slices were cultured in pairs in
1 ml culture medium at 35 °C, 5% CO, in 6-well plates.
Pre-treatment with the indicated spermidine concentra-
tions was started immediately for 2 h. Subsequently, LPS
(10 pg/ml) was added to the medium for 3 h followed by
the addition of ATP (5 mM) for an additional 3 h. After-
wards, the culture medium was frozen for subsequent
analyses.

Isolation and culture of adult microglia

Adult microglia were isolated from the hemispheres of
160-day-old C57BL/6 ] mice by magnetic activated cell
sorting (MACS). The manufacturer’s protocols were fol-
lowed. In brief, mice were transcardially perfused with
PBS and tissue dissociated with the Neural Tissue Disso-
ciation kit (P) (Miltenyi Biotec, 130-092-628) in C-tubes
(Miltenyi, 130-096-334) on a gentleMACS Octo Dis-
sociator with Heaters (Miltenyi Biotec, 130-096-427).
Afterwards, the cell suspension was labelled with CD11b
microbeads (Miltenyi Biotec, 130-093-634) and passed
through LS columns (Miltenyi Biotec, 130-042-401)
placed on an OctoMACS™ manual separator. Subse-
quently, microglia were collected by column flushing
and cultured in DMEM medium (Invitrogen, 41966-029)
supplemented with 10% FBS (PAN-Biotech, P40-37500)
and 1% penicillin/streptomycin (Sigma, P0781-20ML).
Medium was changed every 3 days until adult microglia
were treated as indicated after 8 days in vitro (DIV).

Cell culture of neonatal microglia and astrocytes

Newborn mice (1-4 days) were sacrificed by decapita-
tion. Mixed glial cultures were prepared as described
previously [14]. In brief, brains were dissected, menin-
ges removed and brains mechanically and enzymatically
homogenized with 0.005% trypsin/EDTA. Cells were cul-
tured in complete medium consisting of DMEM medium
(Invitrogen, 41966-029) supplemented with 10% FBS
(PAN-Biotech, P40-37500) and 1% penicillin/streptomy-
cin (Sigma, P0781-20ML) at 37 °C with 5% CO,. From 7
DIV on, microglia proliferation was induced by adding
5 ng/ml GM-CSF (Miltenyi Biotec, 130-095-746) to the
complete medium. Microglia were harvested at 10-13
DIV by manually shaking flasks for 6 min. Cells were
treated after a settling time of 24 h. Neonatal BECN11¥
flox X 3CR1CreERT2 microglia were treated with (Z)-4-Hy-
droxytamoxifen (Sigma #7904) after 5 DIV and assessed
7 days after Tamoxifen treatment.

After isolating neonatal microglia, neonatal astro-
cytes were separated by MACS. Neonatal astrocytes
were detached with 0.05% trypsin, pelleted by centrifu-
gation and incubated with CD11b microbeads (Milte-
nyi Biotec, 130-093-634) for 15 min at 4 °C to negatively
isolate astrocytes. Afterwards, the cell suspension



Freitag et al. Journal of Neuroinflammation (2022) 19:172

was passed through LS columns (Miltenyi Biotec,
130-042-401) placed on an OctoMACS™ manual sepa-
rator and the flow-through containing the astrocytes
was collected. Subsequently, astrocytes were cultured
in complete medium for 2 days before being treated.
For all experiments, 100,000 cells were seeded on 24
well plates if not stated otherwise.

Cell treatment

For pro-inflammatory stimulation, cells were either
treated with LPS (1 pg/ml, Sigma, L4391-1MG) for 3 h
followed by ATP (2 mM, Sigma Aldrich, A6419-5 g;
4 mM for ASC speck/inflammasome formation) for
45 min, with poly I:C (50 pg/ml, InVivoGen, tlrl-
picw-250) for 6 h or with oligomeric Ap (5 uM, Cayman
Chemicals) for 24 h if not stated otherwise. Spermidine
trihydrochloride (Sigma, $2501-5G) diluted in com-
plete medium was added as indicated. For the ARPC3
western blot, cells were pretreated with spermidine for
6 h and subsequently stimulated with LPS (1 pg/ml)
for 6 h followed by ATP (2 mM) for 45 min. Autophagy
was activated by keeping cells in HBSS for 2 h prior
to treatment (24020-091, Invitrogen) and blocked by
addition of 3-MA (Sigma-Aldrich, M9282, final con-
centration 10 mM). The ASC oligomerization inhibi-
tor MCC950 (inh-mcc, Invivogen) was used with a final
concentration of 300 nM.

Cell migration/chemotaxis assay

Cell migration was assessed using the Cell Migration/
Chemotaxis Assay Kit (96-well, 8 pm) (ab235673). The
manufacturer’s instructions were followed, and a stand-
ard of dyed cells was prepared for each biological repli-
cate. Cell numbers were proportional to the fluorescence
at Ex/Em =530/590 measured with an Infinite® 200 Pro
(Tecan Life Sciences) plate reader. As migration induc-
ing stimulus ATP (300 pM, Sigma Aldrich, A6419-5 g)
was used in the bottom chamber. Cells were seeded at a
density of 50,000 cells per well in the top chamber and if
treated, supplemented with 10 pM spermidine trihydro-
chloride (Sigma, S2501-5@G). In both chambers DMEM
medium (Invitrogen, 41966-029) supplemented with 1%
penicillin/streptomycin (Sigma, P0781-20ML) was used.
After an incubation of approximately 20 h at 37 °C with
5% CO, the cells remaining on top of the membrane were
removed with a cotton swab and cells that adhered on the
bottom were dissociated. The number of cells migrated
through the semipermeable membrane of the Boyden
chamber was calculated based on the measured fluores-
cence and the generated linear regression standard curve
with a range of 0—12,500 cells.
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Wound healing/scratch assay

Cells were seeded at a density of 300,000 cells/well
of a 24-well plate. After 8 h of adherence, cells were
treated with 3 pM or 10 pM spermidine trihydrochlo-
ride (Sigma, S2501-5G) in complete medium. After
15 h of incubation, the cell layer was scratched with a
200 pl pipette tip. Images were taken with a Zeiss Axio
Observer Z1 Inverted Phase Contrast Fluorescence
Microscope using the Zen 2 blue software for 72 h at
the indicated timepoints. Acquired images were ana-
lyzed using Image] by defining the gap area right after
scratching (0 h) as region of interest. The threshold was
set to include every cell inside the region of interest,
the area fraction in percent was measured and normal-
ized to the respective value at 0 h.

Western blot

For ASC crosslinking, 1 mM DSS (Thermo, A39267)
was added to freshly harvested microglia in PBS for
30 min. All cell pellets were lysed in protein sample
buffer containing 0.12 M Tris—HCI (pH 6.8), 4% SDS,
20% glycerol, 5% [-mercaptoethanol. Proteins were
separated by Tris-Tricine polyacrylamide gel electro-
phoresis (PAGE) and transferred by wet blotting onto a
nitrocellulose membrane. After blocking with 1% skim
milk in Tris-buffered saline with 0.5% Tween20 (TBST),
primary antibodies were added (Additional file 2). For
signal detection the SuperSignal West Femto Maximum
Sensitivity Substrate (ThermoFisher, 34096) was used.
Western blots were analyzed by quantifying the respec-
tive intensities of each band using Image]. All samples
were normalized to ACTIN levels or whole protein
content in the supernatant.

Quantitative real-time PCR

For total RNA isolation, the RNeasy Mini kit (Qia-
gen, 74104) was used and cells were directly lysed in
the provided RLT lysis buffer in the cell culture plate.
Reverse transcription into cDNA was performed using
the High-Capacity ¢cDNA Reverse Transcription kit
(ThermoFisher, 4368813). The manufacturer’s instruc-
tions for both kits were followed. Quantitative PCR
was conducted on a QuantStudio 6 Flex Real-Time
PCR System (Applied Biosystems) using 12 ng cDNA
per reaction. Gene expression was analyzed in 384 well
plates using the TaqgMan Fast Universal Master Mix
(Applied Biosystems, 4364103) and TagMan primers
as described in the Additional file 2. With the Double
delta Ct method, values were normalized to the house
keeping gene Actin and non-treated controls.
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ELISA

Cytokine concentrations in the supernatant of cul-
tured cells were measured using the IL-1B (eBiosci-
ence, 88701388), IL-18 (Thermo Fisher, 88-50618-22),
TNF-a (eBioscience, 88723477) and IL-6 (eBiosci-
ence, 88706488) enzyme-linked immunosorbent assay
(ELISA) kit according to manufacturer’s instructions.
The absorption was read at a wavelength of 450 nm and
a reference length of 570 nm with the microplate reader
Infinite® 200 Pro (Tecan Life Sciences) and analyzed
using the Magellan Tecan Software.

Immunocytochemistry and confocal microscopy

Cells were seeded at a density of 50,000 cells per well
on 12 mm coverslips. After treatment, cells were fixed
with 4% paraformaldehyde for 20 min, permeabilized
with 0.1% Triton X-100 in PBS for another 20 min and
blocked with 3% bovine serum in PBS for 1 h. The pri-
mary antibodies (anti-ASC, AdipoGen, AG-25B-0006,
1:500; anti-IBA1, Wako 019-19741, 1:1000) were added
overnight at 4 °C. Subsequently, cells were incubated
with the fluorescent secondary antibodies (Alexa Fluor
568-conjugated anti-rabbit IgG, 1:500, Invitrogen,
A11011; 488-conjugated anti-rabbit IgG, Invitrogen
A21206) for 3 h at room temperature. Cell nuclei were
counterstained with DAPI (Roche, 10236276001) and
coverslips embedded in fluorescent mounting medium
(Dako, S3023). Images were acquired using Leica TCS
SP5 confocal laser scanning microscope controlled by
LAS AF scan software (Leica Microsystems, Wetzlar,
Germany). Z-stacks were taken and images presented
as the maximum projection of the z-stack. The number
and size of ASC specks was assessed using Image] soft-
ware as described before [14].

A preparation

Labeling. AB 1-42 peptides (Cayman Chemicals) were
resuspended in hexafluoroisopropanol to obtain 1 mM
solution, evaporated and stored as aliquots. For each
preparation, 125 pg of amyloid-p was dissolved in 2 pL
DMSO, sonicated for 10 min in the waterbath and supple-
mented with 3 x molar excess of NHS-ester ATTO647N
dye (Sigma) in 1 x PBS (phosphate buffer saline, Gibco)
and pH was adjusted to 9 with sodium bicarbonate. After
1 h of labeling reaction in the dark at room temperature,
the labeled peptides were separated using spin columns
(Mobicol, Mobitec) and loaded with 0.7 mL of Sephadex
G25 beads (Cytiva). Clean, chromatography-grade H,O
(LiChrosolv LC-MS grade, Merck) was used for washing,
equilibration and elution. Peptide concentrations were
determined using 15% SDS—-PAGE gels and comparing
the band intensities of the input with the eluted fractions.

a7
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Maturation. AR peptides were matured according
to [36]. In short, to obtain oligomeric forms, AP was
resuspended in the final concentration of 1 x PBS and
incubated at 4 °C overnight. Turbidity measurements
and ThT aggregation assay were performed on Synergy
H1 Hybrid Multi-Mode Microplate Reader (BioTek
instruments) to determine the formation of AP oligom-
ers and fibrils, as described in [37].

Phagocytosis assay

Neonatal microglia (50,000 cells/ 24 well) were seeded
on coverslips and pre-treated for 18 h with spermidine.
0.5 uM 647-labelled AP was added and after 24 h cells
were fixed and counterstained with anti-IBA1 (Wako
019-19741, 1:1000). Quantification of Z-stacks taken
at the confocal microscope with constant settings was
performed with Image J: a mask was created for each
IBA1 stained cell body and the intensity of the AP sig-
nal in every cell was determined. The mean intensity/
phagocytic cell was calculated as well as the number of
Ap-containing phagocytic cells.

Single nuclei sequencing (snRNA-seq)

Nuclei preparation, single nuclei sequencing and single
nuclei sequencing analysis are described in the Addi-
tional file 2. The dataset has been deposited in the GEO
database, GSE206202.

Proteomics analysis

Sample preparation, Liquid chromatography mass spec-
trometry and data analysis are described in the Addi-
tional file 2. The mass spectrometry proteomics data have
been deposited with the ProteomeXchange Consortium
via the PRIDE partner repository with the dataset identi-
fier PXD034638.

Data analysis

All values are presented as mean=+ SEM (standard error
of the mean). All data sets were tested for normality
using the Shapiro—Wilk test. For normally distributed
data, parametric tests were used: the student’s ¢ test for
pairwise comparisons or a one-way ANOVA using the
indicated post hoc test for multiple comparisons. If the
data distribution was not normal, the corresponding
non-parametric tests Mann—Whitney U test or Kruskal—
Wallis test with Dunn’s multiple comparison test were
applied. As a reference for the Dunnett’s post hoc test or
the Dunn’s multiple comparison either LPS/ATP, poly I:.C
or AP samples were used. Outlier testing was performed
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using the ROUT method (Q=0.5%). Statistically signifi-
cant values were determined using the GraphPad Prism
software and are indicated as follows: *p <0.05, **p <0.01
and ***p <0.001.

Results

Spermidine reduced soluble A in APPPS1 mice

To assess the potential of spermidine on AD pathology,
we investigated its effects on APPPS1 mice. This AD-like
mouse model, which harbors transgenes for the human
amyloid precursor protein (APP) bearing the Swedish
mutation as well as a presenilin 1 mutation, develops
a strong AP pathology including neuroinflammation.
APPPS1 mice were treated with 3 mM spermidine via
their drinking water [31], starting prior to disease onset
(namely, substantial AP deposition), at the age of 30 days
(Fig. 1la). Compared to control APPPS1 mice that
received pure water (H,O), spermidine-supplemented
animals showed no differences in fluid uptake per day
(Additional file 1: Fig. S1a).

AP deposition was analyzed at an intermediate dis-
ease state (120 days) and at 290 days, when pathology is
known to have reached a plateau. After consecutive pro-
tein extractions, soluble and insoluble/SDS soluble AB40
and AP42 were measured by electrochemiluminescence
(MesoScale Discovery panel). Spermidine supplementa-
tion significantly reduced soluble AB40 in both 120- and
290-day-old APPPS1 mice by 40% and soluble AP42 in
290-day-old mice by 49% (Fig. la) while not affecting
insoluble AP (Additional file 1: Fig. S1b). These findings
were further substantiated by the fact that no differences
in AP plaque covered area or plaque size were observed
after staining tissue sections with the fluorescent dye
pFTAA (Additional file 1: Fig. Slc). Mechanistically,
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spermidine treatment did neither affect APP production
and cleavage nor BACE1 abundance in whole hemisphere
lysates or in proximity to 4G8-positive AP plaques (Addi-
tional file 1: Fig. S1d-f). As the AP-degrading enzyme
IDE (insulin-degrading enzyme) was also not altered by
spermidine treatment (Additional file 1: Fig. S1g), we
concluded that spermidine might target soluble AP by
altering its phagocytosis and/or degradation.

Spermidine treatment of APPPS1 mice induced
transcriptomic alterations in microglia
To gain insights into the molecular mechanisms medi-
ating the reduced soluble AP levels and the cell popu-
lations affected by spermidine, comparative single
nuclei sequencing (snRNA-seq) was performed. Hemi-
spheres of three male spermidine-treated APPPS1 mice,
H,O-treated APPPS1 control as well as wild type (WT)
mice were analyzed at the age of 180 days, representing
a midpoint in the course of pathology in this AD-like
mouse model (Fig. 1b). Using fluorescence-activated
cell sorted single nuclei and the 10x Genomics platform
(Additional file 1: Fig. S2a), between 6500 and 10,000 cells
per mouse at a median depth of 1400-1700 genes could
be detected. Automated clustering revealed 34 clusters,
which were grouped into 7 major cell types, namely, neu-
rons, oligodendrocytes, microglia, oligodendrocyte pre-
cursors (OPC), astrocytes, macrophages and fibroblasts/
vascular cells, using label transfer from a previously pub-
lished mouse brain reference data set [38] (Fig. 1c, d).
Interestingly, the strongest transcriptional changes
were found in microglia. Fewer genes were altered in
oligodendrocytes, neurons, and astrocytes, while OPC
and macrophages remained almost unaffected (Fig. le,
Additional file 1: Fig. S2f). In agreement with previous

(See figure on next page.)

Fig. 1 Spermidine reduced soluble AR and induced transcriptomic alterations in microglia of APPPST mice. a APPPST mice were treated with

3 mM spermidine via their drinking water starting at 30 days (d) until mice reached an age of 120 days or 290 days according to the depicted
treatment scheme. Spermidine-treated APPPS1 mice were compared to non-treated controls (H,0). The AB40 and AB42 content was measured

in the TBS (soluble) fraction of brain homogenates of 120-day-old or 290-day-old spermidine-treated mice and water controls (mixed sex) using
electrochemiluminescence (MesoScale Discovery panel). Values were normalized to water controls. 120d APPPST H,O (n=14), 120d APPPS1
spermidine (n=14), 290d APPPST H,O (n=14), 290d APPPS1 spermidine (n=12); two-tailed t-test, AB42 in 120d mice: Mann-Whitney U test. b
Single nuclei sequencing of hemispheres harvested from 180-day-old male spermidine-treated APPPS1, H,O APPPS1 and H,O control mice was
performed of FACS-sorted DAPI-stained nuclei using the 10x Genomics platform (n=3). ¢ UMAP embedding and clustering of the snRNA-seq
data, together with annotation of the major cell types. d Heatmap showing the top 5 marker genes for 300 cells in each of the major cell types. e
Dot plot for the top 50 genes in a cell-type-specific differential expression analysis between spermidine-treated APPPS1 and H,O APPPST mice.
Color scale indicates log2 fold change, dot size indicates adjusted p value. f Same as e, for selected genes differentially expressed in microglia
clusters 1 or 2. Associated pathways are color-coded. g Expression of Plxna2 in APPPS1 spermidine and APPPS1 H,O mice. Color scale indicates
normalized expression, grey dots represent no data (left panels). For validation, neonatal microglia were treated with the indicated concentrations
of spermidine in combination with LPS (1 ug/ml) and ATP (2 mM) or with poly I:C (50 pg/ml) and the gene expression was assessed by RT-qPCR
(right panels). Plxna2 expression was normalized to Actin and displayed as fold change compared to non-treated control cells; n =5-6, one-way
ANOVA, Dunnett’s post hoc test. h Neonatal microglia were pre-treated with 3 or 10 uM spermidine for 15 h. The confluent cell layer was scratched
and the scratch area was imaged for 72 h at the indicated timepoints. The gap area normalized to timepoint 0 h is displayed; n =5-6, two-way
ANOVA, Dunnett’s post hoc test. i Neonatal microglia were non-treated or treated with 10 uM spermidine and their migration towards 300 uM ATP
was quantified after 24 h using a transwell migration assay; two-tailed t-test. *p <0.05, **p < 0.01, ***p <0.001
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single cell transcriptomic analyses of APPPS1 mice
[1], two microglia subpopulations were detected. The
microglia 2 cluster appeared only in APPPS1 but not in
WT mice, thus presenting an AD-associated activated
microglia phenotype, which was largely equivalent to
the classical DAM published by Keren-Shaul et al. [1]
(Additional file 1: Fig. S2b—d). To discover the main
characteristics of both microglia clusters, differen-
tial gene expression followed by gene set enrichment
analysis between these populations was performed.
Compared to cluster 1, the AD-associated cluster 2
revealed a downregulation of genes involved in phago-
cytosis, endocytosis, cell adhesion and cell polarity
while upregulating neuroinflammatory responses, cell-
cycle transition and autophagy (Additional file 1: Fig.
S2e).

Next, genes differentially expressed in spermidine-
treated APPPS1 mice compared to H,O-treated con-
trols were specifically assessed in microglia clusters 1
and 2. Among the top differentially expressed genes in
microglia were genes associated with cell motility/ cell
migration (Arpc3, Capnsl, Pful, Plxna2, Aamp, Erbb4,
Ywhae, Hpgd), phagocytosis (Arpc3, Capnsl, Pful,
Dctn6, Rin2), autophagy (Arpc3, Capnsl, Ets2, Perl,
Ghr), proliferation (Aamp, Ets2, Erbb4, Hpgd, Glp2r,
Ghr, Jtb, Sral, Ywhae), transcription and alternative
splicing (Celf2, Eif4al, Rsrpl, Khdrbs3) (Fig. 1f; Addi-
tional file 1: Fig. S2g). Gene set enrichment analysis
correspondingly revealed the following Gene Ontology
terms to be significantly regulated by spermidine: glial
cell migration, microtubule organization center locali-
zation, cell matrix adhesion and the semaphorin-
plexin signaling pathway (Additional file 3).

To validate these changes, neonatal microglia were
isolated and either activated with LPS followed by ATP,
inducing the TLR4 pathway, or with the viral dsRNA
poly I:C stimulating the TLR3 pathway (Fig. 4b, c).
Indeed, spermidine treatment upregulated Plexin A2
(Plxna2) expression of activated microglia (Fig. 1g). On
the functional level, spermidine treatment of neonatal
microglia increased the migration in a scratch wound
healing assay (Fig. 1h, Additional file 1: Fig. S2h) and
towards ATP in a transwell migration assay (Fig. 1i),
correlating well with the snRNA-seq changes of cell
migration genes. Furthermore, spermidine augmented
the expression of the autophagy-associated gene Ets2
in vitro (Additional file 1: Fig. S2i). Also, distinct anti-
inflammatory-associated genes, Pfunl [39], Glp2r [40],
Perl [41] and Sirt3 [42, 43], were upregulated by sper-
midine in the AD-associated microglia cluster 2. This
upregulation of the anti-inflammatory NAD-depend-
ent deacetylase Sirt3 was confirmed in activated neo-
natal microglia in vitro (Additional file 1: Fig. S2j).
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We, therefore, hypothesize that spermidine prolongs
and expands the early activated state of microglia,
characterized by increased phagocytosis, cell motil-
ity, migration and proliferation, thus maintaining the
surveillance mode of microglia and thereby reducing
soluble Ap.

Spermidine altered AD-associated microglia and their
capacity to degrade AB

Next, the abundance of cell types was compared between
spermidine and H,O APPPS1 mice. Interestingly, spermi-
dine significantly increased the abundance of microglia
cluster 2 (Fig. 2a), which correlates well with the induc-
tion of proliferation-associated genes by spermidine, and
reduced levels of the anti-proliferatory gene Hpgd after
acute spermidine treatment in vitro (Additional file 1:
Fig. S2K).

To validate that spermidine indeed altered the DAM/
microglia cluster 2, APPPS1 mice treated with spermi-
dine were stained for the established cluster 2 marker and
receptor tyrosine kinase AXL (Fig. 2b). In line with the
snRNA-seq, the AXL intensity normalized to the IBA1
area was significantly increased in spermidine-treated
mice (Fig. 2c). As the AXL-GAS6 signaling pathway was
shown to promote phagocytosis and reduce AP load
[44], the effect of spermidine on phagocytosis of AP was
assessed in vitro. Spermidine pre-treatment of neonatal
microglia significantly decreased the mean A signal per
phagocytic cell after 24 h, indicating enhanced AP degra-
dation, while the percentage of phagocytic cells was not
altered (Fig. 2d). In line with this, spermidine treatment
increased the expression of the phagocytosis-associated
actin nucleation gene Arpc3 in APPPS1 mice, which
could be validated on mRNA and protein level in spermi-
dine-treated neonatal microglia in vitro (Additional file 1:
Fig. S2I). Accordingly, spermidine reduced the expres-
sion of the transcriptional regulator Celf2 (Fig. 1f), which
negatively regulates the phagocytic receptor TREM2 [45]
and preserved the levels of Trem2 in activated neonatal
microglia in vitro (Additional file 1: Fig. S2m).

Correlating well with the observed reduction in solu-
ble AP in spermidine-treated APPPS1 mice, these results
show that spermidine indeed alters phagocytosis and
degradation of Ap.

Spermidine treatment reduced progressive
neuroinflammation in APPPS1 mice

AP pathology and its associated changes in microglia are
a generally accepted and crucial driver of neuroinflam-
mation [2, 8]. To complement the observed transcrip-
tomic changes, we performed an unbiased proteome
screening using liquid chromatography tandem mass



Freitag et al. Journal of Neuroinflammation (2022) 19:172 Page 9 of 19

a b Microglia 2 vs. 1
Microglia 1 150
Microglia 2
H,0
0.300 oot .
-, Bl spermidine 8 400 amarsia
c S 9\"111 gt
(=] Cacnb2
= 0.100 - = Z o Gm15283 ¢
= . ° 8030442B05Rik
o 2 ° Hifla
“ 0.030 g . ®igas
) $rmpm T 50
o . L] ? *
0.010 * :
0.0031 . * %Lg , o
: AR 1
o N 0 C o % 3 -5.0 -25 0.0 25 5.0
Q 2
£ P §° S & (@QZ !jc’\ log2 fold change
& &E € &L K
(57‘(\ N ~ v ¥ A
o W S
© 3@
o &
N
(0]
£
o
€
=
[)
UQ) 2004
- *
(D -~
o > 1501 s
o B3
o £5 :
E 2 100 o
Jo o
L
<
504
(@)
[V
T H,0 spermidine
—
(78}
o
o
o
<<
d ABo ABo + spermidine
1001 20000+ *
) . .
= 80 . 2
] . @ 3 150004
o g © s
=S 60+ . E.g_. .
Q £ 210000
- c 8
Q 401 -l .
£ gg
[ i
S 21 S 5000
0- 0-
ABo - + ABo -
spermidine - 10 spermidine - 10
18h (uM) 18h (M)

Fig. 2 Spermidine altered AD-associated microglia and their capacity to degrade AB. a Cluster abundance in snRNA-seq of male
spermidine-treated APPPS1 and H,O APPPST mice with p values from mixed-effects binomial model. b Volcano plot of genes differentially
expressed in microglia cluster 2 vs. 1. The top 5 up- and down-regulated genes are indicated as well as previously published markers for
homeostatic (yellow) and disease-associated (blue) microglia [1]. Significance threshold of adj. p value <0.01 was used. Ax/ as a gene of interest is
highlighted in red. c Tissue sections of male 180-day-old mice were stained for the microglia cluster 2 marker AXL (red) and IBA1 (green). The AXL
intensity normalized to the IBA1 area was determined by ImageJ analysis; n =6-10, two-tailed t-test. d Neonatal microglia were pre-treated for
18 h with 10 uM spermidine and fluorescently labelled oligomeric (ABo) AB (magenta) was added for further 24 h. Microglia cells were stained
for IBA1 (green). The percentage of phagocytic cells and the AR mean intensity density per phagocytic cell was assessed by confocal microscopy.
Representative images are shown; n=7, two-tailed t-test. *p <0.05, **p <0.01, ***p < 0.001
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spectrometry of microglia isolated from 180-day-old
APPPS1 mice treated with spermidine or H,O as well
as WT controls (Fig. 3a). To reveal the effect of sper-
midine on AD pathology, we applied linear modelling
integrating the information of proteins changing upon
spermidine treatment of APPPS1 as well as between
WT and APPPS1 mice [(APPPS1 spermidine+W'T
H,0)/2 — APPPS1 H,0)]. The 72 differentially expressed
proteins (alpha=0.04, fdr <0.3) were inversely correlated
(slope=— 0.77, R*=0.85), when comparing APPPS1
against spermidine (Fig. 3b). The opposite regulation
highlights the beneficial effects of spermidine on AD-
associated changes. No proteins were found to be regu-
lated into the same direction, e.g., amplifying potentially
disease-driving protein changes, indicating no adverse
effects of spermidine on AD pathology (Fig. 3b, Addi-
tional file 1: Fig. S3a). To assess whether those proteins
can discriminate the spermidine-treated groups from
the controls, a principal component analysis (PCA) and
hierarchical clustering was performed, resulting in a clear
separation based on spermidine treatment (Additional
file 1: Fig. S3b).

To consider also coordinated changes, which did not
pass significance criteria on the single-protein level, we
performed gene-set enrichment analysis (GSEA), a func-
tional analysis with a special focus on biological process
(GO:BP) and pathways (REACTOME) terms related to
inflammation and neurodegeneration. In line with the
transcriptomic results, spermidine treatment increased
pathways involved in “microtubule cytoskeleton organi-
zation’; “regulation of actin filament binding” and “regu-
lation of actin binding’, thus supporting the observed
microglial migration changes upon spermidine treatment
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(Fig. 3c). While the transcriptomics analysis only revealed
a few anti-inflammatory genes to be regulated by sper-
midine, a clear downregulation of many inflammatory
pathways including “acute inflammatory response” as one
of the top downregulated pathways, as well as IL-1 and
IL-6 signaling and inflammasome pathways were found
(Fig. 3c). Among the downregulated pathway clusters
within a REACTOME enrichment map was a big cluster
of IL signaling-related pathways indicating anti-inflam-
matory effects of spermidine. Matching previous studies
[20, 46], spermidine also upregulated the pathway clus-
ter “autophagy” Furthermore, spermidine affected ubiq-
uitin-associated pathways and SUMOylation (Fig. 3d).
Comparing the pathways altered in APPPS1 mice with
those found to be affected by spermidine revealed a clear
reversal of the AD-associated induction of inflammation
and oxidative phosphorylation and the downregulation
of cytoskeletal pathways (Fig. 3e). Thus, we conclude that
spermidine reverted AD-mediated effects in APPPS1
mice.

To assess whether these microglia-specific anti-inflam-
matory effects interfered with neuroinflammation later
in the pathology, ten cytokines were quantified by elec-
trochemiluminescence in brain homogenates of 290-day-
old male spermidine-treated APPPS1 mice. Spermidine
supplementation significantly reduced the AD-relevant
pro-inflammatory cytokines IL-6, TNF-a, IL-12, IL-4
and IL-5 in 290-day-old mice (Fig. 3f), while not altering
IL-1p (combined measurement of Pro-IL-1p and IL-1f),
IEN-y, IL-2, IL-10 and KC/GRO (Additional file 1: Fig.
S3c), revealing indeed anti-inflammatory effects of sper-
midine in the CNS at late stages of disease pathology.

(See figure on next page.)

**p<0.01,**p<0.01

Fig. 3 Spermidine treatment reduced progressive neuroinflammation in APPPS1 mice. a Male APPPS1 mice were treated with 3 mM spermidine
via their drinking water starting at 30 days (d) until mice reached an age of 180 days. Microglia were isolated by MACS and the proteome assessed
by mass spectrometry. b Scatterplot of protein regulation in Contrast2 (APPPS1 spermidine—APPPS1 H,0, y axis) vs. its regulation in Contrast1
(APPPST H,O,—WT H,0, x axis). Contrast 2 shows regulation due to spermidine effect, Contrast 1 shows the regulation of proteins by Alzheimer
disease. Proteins that are regulated by spermidine and show significant anti-APPPS1 effect were marked in red. As such we selected proteins that
show significant (alpha=0.04) regulation due to spermidine in APPPS1T mice (Contrast2) and simultaneously, show significant (alpha =0.04) effect
in Contrast5 = (Contrast2 — Contrast1)/2, in the direction, opposite to the effect of the AD-like model. ¢ Volcano plot of GSEA enrichment of GO
BP terms. x-axis shows normalized enrichment score of functional term, y-axis represent the — log10 of its false discovery rate. Labelled are only
terms that have relation to neurodegeneration and inflammation. As such we selected terms that have in their names following strings: neuro,
inflamm, Clathrin, interleukin, Caspase, TNF, ubiquitin, SUMO, Alzheimer, Parkinson, Huntington, lipoprotein, autophagy, cell migration, cell motility,
microtubule, actin, actin-, glia, amyloid. Not all labels appear due to strong overlap, especially at high fdr>~0.5 (— log10(fdr) < ~0.3). Long term
names are truncated to 50 characters. d GSEA enrichment map using top 50 REACTOME terms from list of neurodegeneration and inflammation
terms. As such we selected terms that have in their names following strings: neuro, inflamm, Clathrin, interleukin, Caspase, TNF, ubiquitin, SUMO,
Alzheimer, Parkinson, Huntington, lipoprotein, autophagy, cell migration, cell motility, microtubule, actin, actin-, glia, amyloid. e Dot plot of
selected functional terms related to neuroinflammation and degeneration. f APPPST mice were treated with 3 mM spermidine via their drinking
water starting at 30 days until mice reached an age of 290 days. The content of the indicated pro-inflammatory cytokines was measured in the
TBS (soluble) fraction of brain homogenates of male spermidine-treated mice and water controls using electrochemiluminescence (MesoScale
Discovery panel). Values were normalized to water controls. 290d APPPS1 H,O (n=14), 290d APPPS1 spermidine (n=12); two-tailed t-test. *p <0.05,
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Spermidine exhibits direct anti-inflammatory effects

on microglia

To assess whether spermidine influenced neuroinflam-
mation in a direct manner or whether its effects on neu-
roinflammation were secondary, acute whole hemisphere
slice cultures derived from 200-day-old WT or APPPS1
mice were treated with spermidine and subsequently
stimulated with LPS and ATP (Fig. 4a). LPS/ATP treat-
ment of APPPS1 slice cultures resulted in a massive
release of IL-1B and IL-6 compared to slices from WT
mice. Spermidine significantly reduced their levels in
both genotypes (Fig. 4a), underlining that spermidine
could directly influence neuroinflammation in APPPS1
mice.

To pinpoint which cytokine-producing glial cell
accounts for the anti-inflammatory effects of spermi-
dine, both neonatal microglia and astrocytes were acti-
vated either with LPS followed by ATP (Fig. 4b), with
poly L:C (Fig. 4c) or oligomeric AP (Fig. 4d). The presence
of spermidine reduced the LPS/ATP-induced release of
IL-6, TNF-a, IL-5, IL-1f, IL-18, IL-10, IL-12, KC/GRO
and IL-2 into the cell supernatant of microglia dose-
dependently (Fig. 4b, Additional file 1: Fig. S4a). In addi-
tion, spermidine treatment reduced the poly I:C-induced
release of IL-6, TNF-a, IL-10, IL-12, IL-4 and KC/GRO
in neonatal microglia and astrocytes (Fig. 4c, Additional
file 1: Fig. S4b, c). These anti-inflammatory effects were
also confirmed in adult microglia (Additional file 1: Fig.
S4d-h). Furthermore, spermidine reduced the IL-6 and
TNF-a release by neonatal microglia upon treatment
with oligomeric AP (Fig. 4d), also indicating a direct
effect of spermidine on AB-induced neuroinflammation.

Mechanistically, spermidine reduced the gene expres-
sion of the APB-induced or LPS/ATP-induced AD-rele-
vant cytokines 1I-6, Tnf-a and II-1f in neonatal microglia
dose-dependently (Fig. 4e, Additional file 1: Fig. S4i, j).
Also, poly I:C-induced gene expression of II-6 and Tnf-a
was decreased by spermidine in both neonatal microglia
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and astrocytes (Additional file 1: Fig. S4k, 1). Reduced
phosphorylation of NF-kB upon spermidine treatment
might account for these gene expression changes (Fig. 4f,
Additional file 1: Fig. S4m).

Correlating with the induction of autophagy as shown
in the proteomic analysis of spermidine-treated APPPS1
mice, the anti-inflammatory effects of spermidine in vitro
were autophagy-mediated. Spermidine induced expres-
sion of autophagic proteins significantly (Additional
file 1: Fig. S5a—d) and no effects of spermidine treatment
were measured upon autophagy activation with HBSS
(Additional file 1: Fig. S5e—f). Impairment of autophagy
by 3-MA or using primary microglia with BECN1 knock-
out (Tamoxifen-treated BECN1fo¥/flox.CX3CR]CreERT2
cultures) on the other hand, abolished spermidine-medi-
ated effects (Additional file 1: Fig. S5g—i). Therefore, we
concluded that spermidine exerts direct anti-inflamma-
tory effects on microglia and astrocytes in an autophagy-
dependent manner, correlating with the observed
reduced neuroinflammation in 290-day-old APPPS1
mice.

Spermidine regulates neuroinflammation

beyond transcription by interfering with inflammasome
assembly

As recent studies and our proteome analysis showed that
spermidine mediates some of its effects solely on protein
level [20, 22, 31], the effects of spermidine on neuroin-
flammation beyond transcriptional control were studied
by treating microglia with spermidine after activating/
priming them with LPS (Fig. 5a). Interestingly, post-LPS
spermidine treatment (1.45 h) reduced only the release of
IL-1p and IL-18 into the cell supernatant (Fig. 5b, ¢) while
not altering the release of all other measured cytokines
(Additional file 1: Fig. S6a—c). Il-1p, II-6 and Tnf-a gene
expression revealed no alterations by this spermidine
treatment scheme (Additional file 1: Fig. S6d). However,
increased protein levels of Pro-IL-1p and uncleaved

(See figure on next page.)

test. *p<0.05, *p<0.01, **p <0.001

Fig. 4 Spermidine exhibits direct anti-inflammatory effects on microglia. a Hemispheres of wild type (WT) and APPPS1 mice were coronally sliced
and treated with the indicated spermidine concentration, LPS (10 pg/ml) and ATP (5 mM) as depicted. The IL-1(3 and IL-6 concentration in the
supernatant was determined by ELISA; n=3-5, two-way ANOVA, Tukey's post hoc test. b—f Neonatal microglia (heoMG) were either treated with
LPS (1 pg/ml) and ATP (2 mM), with poly I:C (50 ug/ml) or with oligomeric AB (ABo, 5 pM) and the indicated spermidine concentrations as depicted
in the schemes. b—d Amount of cytokines in the cell supernatant was determined by electrochemiluminescence (MesoScale Discovery panel);
n=4-5.b IFN-y, IL-10, IL-12, IL-2: Kruskal-Wallis, Dunn's multiple comparison; IL-16, IL-4, IL-5, IL-6, KC/GRO, TNF-a: one-way ANOVA, Dunnett's post
hoc test. ¢ INF-y, IL-2, IL-4: Kruskal-Wallis, Dunn’'s multiple comparison; IL-10, IL-12, IL-1, IL-5, IL-6, KC/GRO, TNF-a: one-way ANOVA, Dunnett’s post
hoc test. d IL-10, IL-12, IL-4, KC/GRO: Kruskal-Wallis, Dunn’s multiple comparison; INF-y, IL-13, IL-2, IL-5, IL-6, TNF-a: one-way ANOVA, Dunnett’s post
hoc test. e The gene expression of Tnf-a and /-6 was assessed by RT-gPCR after treatment of neonatal microglia as depicted in b. Their expression
was normalized to Actin and displayed as fold change compared to non-treated control cells; n =4. I-6: one-way ANOVA, Dunnett’s post hoc

test; Tnf-a: Kruskal-Wallis, Dunn's multiple comparison. f Levels of phosphorylated NF-kB (pNF-kB) and NF-kB were determined by western blot

in neonatal microglia treated as depicted in b. Representative images are shown and protein levels are displayed as fold changes compared to
non-treated controls normalized to ACTIN; n=7. NF-kB: Kruskal-Wallis, Dunn’s multiple comparison; pNF-kB: one-way ANOVA, Dunnett’s post hoc
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Fig. 5 Spermidine regulates neuroinflammation beyond transcription by interfering with inflammasome assembly. Neonatal microglia (neoMG)
were treated with LPS (1 ug/ml) and spermidine at indicated concentrations for 1.45 h and ATP (2 mM) as depicted in the scheme (a). b IL-13
concentration in the cell supernatant was determined by ELISA; n =4-8; Kruskal-Wallis, Dunn’s multiple comparison. ¢ IL.-18 concentration in

the cell supernatant was determined by ELISA; n= 3; Kruskal-Wallis, Dunn’s multiple comparison. d Pro-IL-1(3 protein levels were determined by
western blot and normalized to ACTIN. Representative images are shown and values are displayed as fold changes compared to LPS/ATP-treated
cells; n=8-9; Kruskal-Wallis, Dunn's multiple comparison. e Cellular Pro-CASP1 and cleaved CASP1 p20 levels in the supernatant were determined
by western blot (* non-specific band). Pro-CASP1 was normalized to ACTIN (n=4-8) and CASP1 p20 was normalized on whole protein content
determined by Ponceau S staining (n = 3). Values are displayed as fold changes compared to LPS/ATP-treated cells; Pro-CASP1: Kruskal-Wallis,
Dunn’s multiple comparison; cleaved CASP1: one-way ANOVA, Dunnett’s post hoc test. f Neonatal microglia were stimulated as shown in a and
MCC950 was added 15 min before addition of ATP. Cells were stained for ASC to visualize inflammasomes and with DAPI for nuclear staining. The
percentage of ASC specks in respect to the number of total cells (DAPI positive cells) was determined (left). The IL-13 concentration in the cell
supernatant was assessed by ELISA (right); n = 3; one-way ANOVA, Dunnett’s post hoc test. g Neonatal WT and Casp!~/~ microglia were stimulated
as shown in a but with 4 mM ATP to increase the number of inflammasomes. Cells were stained for ASC (red) to visualize inflammasomes and with
DAPI (blue) for nuclear staining as shown in the representative images (scale bar=100 um). Arrowheads highlight ASC specks within microglia.
The percentage of ASC specks in respect to the number of total cells (DAPI positive cells) was determined (left). The IL-13 concentration in the

cell supernatant was assessed by ELISA (right); WT: n=8-16; Casp1™~: n=3. Kruskal-Wallis, Dunn’s multiple comparison. *p < 0.05, **p <0.01,
***p<0.001
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Pro-CASP1 were found (Fig. 5d, e), indicating reduced
processing at the NLRP3 inflammasome. This correlated
with a reduction of cleaved and activated CASP1 and
Gasdermin D (GSDMD), another substrate of CASP1, in
the supernatant (Fig. 5e, Additional file 1: Fig. S6e).

While NLRP3 expression was not altered on the mRNA
or protein level by spermidine (Additional file 1: Fig.
Séf), staining and quantification of ASC specks/inflam-
masomes revealed that spermidine treatment reduced
the number of ASC specks significantly (Fig. 5f, g). A
similar reduction was also detected in Caspl~'~ micro-
glia (Fig. 5g), indicating that spermidine did not directly
interfere with Pro-CASP1 cleavage but rather with
inflammasome formation. To test this hypothesis, the
ASC-oligomerization inhibitor MCC950 [47] was added
prior to adding ATP. No additive effects of MCC950 to
the spermidine-mediated effects could be detected,
underlining that spermidine was indeed interfering
with ASC-oligomerization and inflammasome forma-
tion (Fig. 5f). Consistent with this hypothesis, western
blot analysis for ASC after chemical crosslinking showed
reduced appearance of ASC oligomers in spermidine-
treated cells (Additional file 1: Fig. S6g), while the amount
of ASC monomers was not altered (Additional file 1: Fig.
S6h). Thus, spermidine treatment of activated microglia
reduced IL-1B processing by interfering with the oli-
gomerization of ASC-positive inflammasomes.

Taken together, we elucidated a novel regulatory mech-
anism of spermidine in addition to targeting NF-xB-
mediated transcription of pro-inflammatory genes.
Thus, spermidine targets multifarious pathways, such as
degradation of AP, proliferation and active reduction of
inflammatory signaling, which stabilizes a presumably
protective microglia population.

Discussion
Delaying AD progression still presents an urgent unmet
clinical need. Based on recent advances in our under-
standing of AD pathogenesis that resulted in the appreci-
ation of the impact of neuroinflammation and autophagy,
we assessed the therapeutic effects of the autophagic
activator spermidine on AP pathology in APPPS1 mice.
Interestingly, spermidine treatment significantly
increased AP degradation and reduced soluble Af levels
in vivo, while AP plaque burden and size were not altered.
Whereas the effects of spermidine on AD pathology have
not been assessed so far, De Risi et al. [48] reported that
spermidine decreased soluble AP and a-synuclein in a
mouse model with mild cognitive impairment. Despite
the fact that the toxicity and importance of soluble vs.
insoluble AB in AD pathology is still a matter of debate,
there is clear evidence that soluble AB causes more syn-
aptotoxicity than plaque-bound insoluble Af. It was
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shown to alter synaptic transmission and to mediate syn-
aptic loss and neuronal death [49-51], thus suggesting
that targeting soluble AP might suffice to ameliorate AD.
In line with this, recent data suggest that microglia create
core plaques as a protective measure to shield the brain
from soluble APB. The DAM marker AXL is thought to
contribute to this formation [52]. In addition, the AXL-
GASG6 pathway has been shown to not only suppress the
microglial inflammatory response but also to mediate
AP phagocytosis [44]. Thus, the increased AXL levels in
spermidine-treated APPPS1 mice as well as the in vitro
phagocytosis experiments underline that spermidine
affects microglial phagocytosis and degradation of Af.
As the APPPS1 mouse model exhibits a fast disease pro-
gression with a strong genetically driven AP pathology
appearing at 60 days, the substantial effect of spermidine
on soluble AP highlights its potential to interfere with
AD progression. Since neuroinflammation is a known
driver for plaque formation [5, 6], the additional anti-
inflammatory effects of spermidine may have a beneficial
effect on insoluble AP and plaques in mice older than
those we analyzed within the frame of this work (namely,
older than 290 days).

Notably, previous studies assessing the effect of
autophagy activation on AD pathology also revealed
reduced AP pathology [53—56]; however, the mechanisms
by which autophagy modulation targets AD pathol-
ogy had not been elucidated so far. By applying snRNA-
seq to 180-day-old spermidine-treated APPPS1 mice,
we revealed microglia as the main glial cell type to be
targeted by spermidine. The most profound effects of
spermidine on the transcriptome level were seen in the
AD-associated microglia cluster 2, which was character-
ized by increased migration, cell motility, phagocytosis
and cell proliferation. While acute activation of microglia
in early disease pathology induces microglial phagocy-
tosis and migration towards plaques, later stages of AD
pathology and chronic priming of microglia with A have
adverse effects [57, 58]. In accordance, microglial motility
in the presence of A plaques was found to be decreased
in APPPS1 mice compared to control mice when a focal
laser lesion was induced [59].

A common denominator of the transcriptome and
proteome analysis was that spermidine prevented AD-
associated cytoskeletal changes and thus, might increase
microglial migration and cell motility, as demonstrated
in vitro. Accordingly, spermidine was found to pro-
mote cell migration in neural cells and keratinocytes
as well as wound healing processes ex vivo and in vivo
[60]. In line with previous publications [61], the prot-
eomics analysis revealed that spermidine also preserved
the energy metabolism in microglia from APPPS1 mice
by affecting oxidative phosphorylation, glycolysis and
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gluconeogenesis. By promoting genes and proteins
involved in cell motility, migration and phagocytosis,
spermidine seems to delay the onset of the late-stage AD-
associated microglial population.

Interestingly, some of those changes might be exerted
by SUMOylation. SUMOylation is, similar to ubiqui-
tination, a post-translational modification regulating
transcription, cell proliferation and protein stability and
turnover. To our knowledge this is the first time that an
effect of spermidine on SUMOylation is described and it
may also contribute to autophagy induction and/or pro-
tein degradation. In correlation, recent publications on
the post-translational modification called hypusination
[31, 32] indicate that spermidine can exert some of its
function on the post-transcriptional levels.

In addition, spermidine also increased the abundance
of microglia cluster 2. Although it is still under discussion
whether proliferation of microglia in AD is beneficial or
detrimental [62], spermidine mediated the enlargement
of a microglial subpopulation showing increased phago-
cytosis and cell motility including Ax/ expression as
described above. Several regulated genes, such as Arpc3
[63], Glp2r [64], Sirt3 [65] and Perl [66, 67] have been
reported to exert protective effects in neurodegenerative
diseases or reverse memory deficits in various models,
underlining the observed protective effects of spermi-
dine. For instance, SIRT3 was shown to target similar
pathways as spermidine, such as inflammation, includ-
ing the IL-1p processing pathway [42, 43] and microglial
migration [68]. Even though microglia were the main
glial cells to be affected by spermidine on transcriptional
level at 180 days, our in vitro analyses revealed that sper-
midine also reduced cytokine production in astrocytes,
indicating that astrocytes might also be altered at later
stages of AD pathology. While only few anti-inflamma-
tory effects of spermidine were found by snRNA-seq,
the proteomics analysis of microglia isolated from sper-
midine-treated APPPS] revealed a clear downregulation
of inflammatory pathways. These changes might pave
the path for the brain-wide reduction in cytokines medi-
ated by spermidine at 290 days, when APPPS1 mice are
known to exhibit profound neuroinflammation. Of note,
while spermidine was found to target the IL-1p process-
ing pathway at 180 days and in vitro, no changes in IL-1f3
cytokine levels were found in 290-day-old APPPS1 mice.
This might be due to the fact that the MSD cytokine panel
does not distinguish between Pro-IL-1p and cleaved
IL-1P. Next to the in vitro effects of spermidine on tran-
scription of cytokines by modulating the NF-«B sign-
aling pathway, which was previously described in BV2
and macrophages [29, 30], we identified a novel spermi-
dine-modulated post-translational mechanism. Sper-
midine interfered with the ASC assembly of the NLRP3
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inflammasome and thereby reduced the production of
IL-1p. This pathway was also found to be downregulated
in the proteomics analysis of spermidine-treated APPPS1
microglia, again indicating that spermidine acts beyond
modulation of transcription.

Conclusions

Activators of autophagy such as fasting or caloric restric-
tion, exercise, rapamycin, an inhibitor of the mechanistic
target of rapamycin (mTOR), and metformin were shown
to prolong the life span of several species and to reduce
AP deposition in different mouse models [53-56], yet
most of these drugs—in contrast to the orally applicable
spermidine—were problematic in terms of tolerability
and/or administration. Therefore, the body-endogenous
substance spermidine seems to be an attractive thera-
peutic dietary supplement as it attenuated AD-relevant
neuroinflammation, reduced synaptotoxic soluble A
and reverted AD-associated proteomic changes with no
adverse effects. Since spermidine supplementation is
already tested in humans, the extension of spermidine
supplementation from individuals with subjective cogni-
tive decline [32, 69-71] to clinical trials aimed at testing
spermidine efficacy in AD patients appears to be a tempt-
ing approach.
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Fig. S1

APPPS1 mice were treated with 3 mM spermidine via their drinking water as depicted in Fig. 1a and analyzed at an age of 120 or 290 days (mixed sex). Spermidine-trea-
ted APPPS1 mice were compared to non-treated controls (H,0). a The average volume in ml per animal per day was calculated based on the volume that was drank in
an interval of 3.5 days per cage. APPPS1 H,0 (n = 32), APPPS1 spermidine (n = 26); Mann-Whitney-U test. b The AB40 and AB42 content was measured in the SDS
(insoluble) fraction of brain homogenates of 120- or 290-day-old spermidine-treated mice and water controls using electrochemiluminescence (MesoScale Discovery
panel). Values were normalized to water controls. 120d APPPS1 H,0 (n = 14), 120d APPPS1 spermidine (n = 14), 290d APPPS1 H,0 (n = 14), 290d APPPS1 spermidine (n
=12); two-tailed t-test. ¢ AB plagues in tissue sections of 290-day-old mice were stained with pFTAA and the plaque covered area (%), the average plaque size and a
plaque size distribution of the cortex was determined by ImageJ analysis; two-tailed t-test. The number of plaques of each indicated size is displayed as a percentage of
the total number of plaques detected; Mann-Whitney-U test. APPPS1 H,O (n = 14), APPPS1 spermidine (n = 12). Scale bar =1 mm. d The levels of APP, CTF-a and CTF-B
were determined by western blot of the TX (membrane-bound) protein fraction of 290-day-old spermidine-treated APPPS1 mice. Representative western blot images
are shown. APPPS1 H,O (n = 14), APPPS1 spermidine (n = 12); Mann-Whitney-U test. e The levels of BACE1 were determined by western blot of the TX (membra-
ne-bound) protein fraction of 290-day-old spermidine-treated APPPS1 mice. Representative western blot images are shown. APPPS1 H;0 (n = 14), APPPS1 spermidine
(n =12); Mann-Whitney-U test. f Tissue sections of 290-day-old mice were stained for BACE1 (green) and 4G8-positive plaques (red). The BACE1-covered area normali-
zed to 4G8-positive area was determined. Scale bar = 50 pm. APPPS1 H,0 (n = 14), APPPS1 spermidine (n = 12); two-tailed t-test. g The levels of IDE were determined
by western blot of the TX (membrane-bound) protein fraction of 290-day-old spermidine-treated APPPS1 mice. Representative western blot images are shown. APPPS1
H20 (n = 14), APPPS1 spermidine (n = 12); two-tailed t-test.
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Fig. S2

Male APPPS1 mice were treated with 3 mM spermidine via their drinking water and analyzed at an age of 180 days. a Whole hemisphere homogenates were stained
with DAPI and intact DAPI-stained nuclei were sorted using a FSC/SSC based gate to exclude debris followed by exclusion of damaged nuclei in a DAPI-A/DAPI-H for
subsequent single nuclei sequencing. b UMAP embedding of snRNAseq data with genotypes indicated. ¢ Cluster abundance in APPPS1 H20 and WT Hz0 mice. P-values
from mixed-effects binomial model. d Violin plot of a gene signature score for disease-associated microglia (using Apoe, Axl, B2m, Ccl6, Ccl6, Ccl6, Cd9, Clec7a, Csf1,
Cst7, Ctsb, Ctsd, Fthl, Itgox, Lyz2, Timp2, Trem2 and Tyrobp). e Selected terms from a gene set enrichment analysis of differential expression between microglia
clusters 1 and 2 using tmod. f Volcano plot of genes differentially expressed in astrocytes of spermidine-treated APPPS1 versus H:0 APPPS1 mice. Genes with adj.
p-value < 0.01 are highlighted in red and top 5 up- and down-regulated genes are indicated. g Expression of Sirt3, Arpc3, Capns1, Aamp and Ghr in spermidine-treated
APPPS1 (bottom) and H20 APPPS1 mice (top). Color scale indicates normalized expression, grey dots represent no data. h Representative images of a wound healing/-
scratch assay performed with spermidine-treated neonatal microglia at time point 0 h and 35 h. Quantification is shown in Fig. 1h. i Neonatal microglia were treated
with 100 uM spermidine for 6 h and the gene expression of £ts2 was assessed by RT-qPCR. Its expression was normalized to Actin and displayed as fold change compa-
red to non-treated control cells; n = 6, two-tailed t-test. j Neonatal microglia were treated with the indicated concentrations of spermidine in combination with LPS
(1 pg/ml) and ATP (2 mM) or with poly I:C (SO ug/ml) and Sirt3 was assessed by RT-gPCR (right panels), normalized to Actin and displayed as fold change compared
to non-treated control cells; n = 5-6, one-way ANOVA, Dunnett’s post hoc test. k Neonatal microglia were treated with 100 uM spermidine for 6 h and the gene
expression of Hpgd was assessed by RT-gPCR. Its expression was normalized to Actin and displayed as fold change compared to non-treated control cells; n = 6,
two-tailed t-test. | Neonatal microglia were treated with the indicated amount of spermidine in combination with LPS (1 pg/ml) and ATP (2 mM) for 5.45 h for gPCR
analysis and for 12.45 h for western blot analysis. The gene expression was assessed by RT-gPCR (left panels) and the Arpc3 expression was normalized to Actin and
displayed as fold change compared to non-treated control cells; n = 5-6. ARPC3 protein levels were determined by western blot and normalized to ACTIN. Representa-
tive images are shown and values are displayed as fold changes compared to non-treated cells; n = 4, one-way ANOVA, Dunnett’s post hoc test. m Neonatal microglia
were treated with the indicated concentrations of spermidine in combination with LPS (1 pg/ml) and ATP (2 mM) or with poly I:C (50 pug/ml) and the gene expression
of Trem2 was assessed by RT-gPCR. Its expression was normalized to Actin and displayed as fold change compared to non-treated control cells; n = 5-6. LPS/ATP:
Kruskal-Wallis, Dunn’s multiple comparison; poly I:C: one-way ANOVA, Dunnett’s post hoc test. * P < 0.05, ** P < 0.01, *** P <0.01.
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Fig. S3

a Volcano plots for three contrasts: contrast 1 = APPPS1 H.0 — WT Hz0 (AD model effect, left panel), contrast 2 = APPPS1 spermidine — APPPS1 Hz0 (spermidine effect,
central panel), and contrast 5 = (contrast 2 — contrast 1)/2 (spermidine anti-AD effect, right panel). On all three plots proteins that are simultaneously significantly
regulated (alpha = 0.04) in two contrasts, contrast 2 (spermidine effect) and contrast 5 (spermidine anti-AD effect), are labelled. Dashed horizontal line shows the
significance level use for feature selection. Vertical dashed lines show logFC threshold = median SD of linear modelling. b Post hoc PCA analysis and hierarchical
clustering using features significantly regulated (alpha = 0.04 and FC threshold = 1.27) in contrast 2 (spermidine effect). Left panel represents PCA score plot demonst-
rating clear separation of APPPS1 spermidine samples from APPPS1 H20 samples in the first two principal components (PCs). Middle panel represents the PCA loading
plot and shows top 25 proteins correlation with the first two PCs. Right panel shows heatmap with results of hierarchical clustering of samples in the space of features
regulated in contrast 2. ¢ The content of the cytokines in the TBS (soluble) fraction of brain homogenates of male 290-day-old spermidine-treated APPPS1 mice was
measured using electrochemiluminescence (MesoScale Discovery panel). APPPS1 Hz0 (n = 6), APPPS1 spermidine (n = 7). IL-1B, IFN-y, IL-2, IL-10: two-tailed t-test;
KC/GRO: Mann-Whitney-U test.
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g 0.5 'g: 0.5 Kruskal-Wallis, Dunn’s multiple comparison. b The amount of cytokines in the cell
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Discovery panel); n = 3. IFN-y, IL-12, IL-1B, IL-2, IL-4, IL-5, IL-6, KC/GRO: one-way
ANOVA, Dunnett’s post hoc test; IL-10, TNF-a: Kruskal-Wallis, Dunn’s multiple
comparison. d-h Adult microglia (AdMG) were isolated with magnetic activated cell
sorting from 160-day-old WT mice. d-f The concentration of IL-1B, IL-6 and TNF-a in

the cell supernatant treatment after LPS/ATP and spermidine treatment was measured by ELISA; n = 3-9; Kruskal-Wallis, Dunn’s multiple comparison. g-h The concentration of
IL-6 and TNF-a in the cell supernatant after poly I:C and spermidine treatment was measured by ELISA; n =4. TNF-a: one-way ANOVA, Dunnett’s post hoc test. IL-6: Kruskal-Wallis,
Dunn’s multiple comparison. i The mRNA expression levels of /-18, /-6 and Tnf-a after oligomeric AB and spermidine treatment of neonatal microglia was measured by RT-qPCR;

one-way ANOVA, Dunnett’s post hoc test. j The mRNA expression levels of //-18 after LPS/ATP and spermidine treatment of neonatal microglia was measured by RT-qPCR;
; Kruskal-Wallis, Dunn’s multiple comparison. k The mRNA expression levels of /l-6 and Tnf-a after poly I:C and spermidine treatment of neonatal microglia was measured

by RT-gPCR; n = 3; one-way ANOVA, Dunnett’s post hoc test. | The mRNA expression levels of /-6 and Tnf-a after poly I:C and spermidine treatment of neonatal astrocytes was
measured by RT-gPCR; n = 6-7; one-way ANOVA, Dunnett’s post hoc test. m Levels of phosphorylated NF-kB (pNF-kB) and NF-kB were determined by western blot in neonatal
astrocytes treated with poly I:C and spermidine. Representative images are shown and protein levels are displayed as fold changes compared to non-treated controls normalized
to ACTIN; n = 7; NF-kB: Kruskal-Wallis, Dunn’s multiple comparison; pNF-kB: one-way ANOVA, Dunnett’s post hoc test. * P <0.05, ** P < 0.01, *** P <0.001.
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Fig. S5

Neonatal microglia (neoMG) and astrocytes (neoAC) were stimulated with LPS (1 pg/ml) and ATP (2 mM) or with poly I:C (50 pg/ml) and the indicated spermidine concent-
rations as depicted in Fig. 4b, 4c or 5a. a LC3-I levels were determined by western blot and normalized to ACTIN. Representative images are shown and values are display-
ed as fold changes compared to non-treated controls; microglia LPS/ATP 5.45h n = 3-11; microglia LPS/ATP 1.45h n = 8-9; microglia poly I:C n = 6-11; astrocytes poly I:C n
=4, One-way ANOVA, Dunnett’s post hoc test. b BECN1 levels were determined by western blot and normalized to ACTIN. Representative images are shown and values
are displayed as fold changes compared to non-treated controls; microglia LPS/ATP n = 3-6; microglia poly I:C n = 6; astrocytes poly I:C n = 3. neoMG: one-way ANOVA,
Dunnett’s post hoc test; neoAC: Kruskal-Wallis, Dunn’s multiple comparison. ¢-d The gene expression of Tfeb was assessed by RT-qPCR. Its expression was normalized to
Actin and displayed as fold change compared to non-treated control cells; microglia LPS/ATP n = 8-11; microglia poly I:C n = 3-4; astrocytes poly I:C n = 4. LPS/ATP:
Kruskal-Wallis, Dunn’s multiple comparison; poly I:C: one-way ANOVA, Dunnett’s post hoc test. e-f Cells were stimulated in starvation medium HBSS and the IL-1B or IL-6
concentration in the cell supernatant was determined by ELISA; microglia LPS/ATP 5.45h n = 3-8; microglia LPS/ATP 1.45h n = 3-8; microglia poly I:C n = 4; astrocytes poly
1:C n = 7. Kruskal-Wallis, Dunn’s multiple comparison. g Neonatal microglia were stimulated as in Fig. 5a and 3-MA was added simultaneously with spermidine. The IL-1B
concentration in the cell supernatant was determined by ELISA; n = 7; Kruskal-Wallis, Dunn’s multiple comparison. h Neonatal BECN1"°*-* CX3CR1¢*€*™ microglia
positive or negative for Cre were treated with Tamoxifen and BECN1 levels were assessed by western blot and normalized to ACTIN. Representative images are shown and
values are displayed as fold changes compared to non-treated controls; n = 4; two-tailed t-test. i Neonatal BECN1""**-fox CX3CR1°*€"™2 microglia positive or negative for Cre
were treated with Tamoxifen (4-OHT) and subsequently treated as depicted in Fig. 4b. The release of IL-1pB, IL-6 and TNF-a was determined by ELISA; n = 3; two-tailed
t-test. * P<0.05, ** P<0.01, *** P <0.001.

66



a b IL-6 (neoMG) c TNF-a (neoMG)

8000
6000
Egm
£2
2000
ﬁp & LPSATE -+ o+ 4+ 4+ 4
4 + spermidne - - 3 10 30 100 spermidine - - 3 10 30 100
1.46h (uM) 1.45h (uM)
d 1118 (neoMG) 11-6 (neoMG) Tnf-a (neoMG) e GSDMD (neoMG) cleaved GSDMD (neoMG)
80 % 20 g . 3 20
60 s z 15
} g
40 a 1.0
i1 1
320 5 éﬂvﬁ
P o 0.0
LPS/ATP - + + + + LPSIATP - + + + + LPSIATP & + + + + + LPS/ATP - + +
spermidine - - 10 30 100 spermidine - - 10 30 100 spermidine - - 10 30 100 spermidine - - 3 10 30 100 spermidine - - 30
1.45h (uM) 1.45h (uM) 1.45h (uM) 1.45h (uM) 1.45h (uM)
D8 ™ . " - )]
SR cow [ T
‘GSDMD
==
f Nirp3 (neoMG) NLRP3 (neoMG) g h ASC (neoMG)
« LPSIATP = + + + 1.5
spermidine - - 30 100
z3 145h (4M) ASC crosslinked
5 s E 1o
K 2
£ | 3
0.5
2‘ 4
o 0.0-
LPS/ATP - + + + + + gl LPSIATP = + » +
spermidine - - 10 30 100 spermidine - - 3 10 30 100 spermidine - - 30 100
1.45h (uM) 1.45h (uM)

1.45h (uM)
02 L] ASC non-
C e e % —,
,.

Fig. S6

Neonatal microglia (neoMG) were treated with LPS/ATP and spermidine as shown in Fig. 5a. a The amount of cytokines in the cell supernatant was determined by electrochemilu-
minescence (MesoScale Discovery panel); n = 3. IL-12, IL-1B, IL-2, IL-5, IL-6, KC/GRO, TNF-a: one-way ANOVA, Dunnett’s post hoc test; IFN-y, IL-10, IL-4: Kruskal-Wallis, Dunn’s
multiple comparison. b The IL-6 concentration in the cell supernatant was determined by ELISA; n = 4-8; Kruskal-Wallis, Dunn’s multiple comparison. ¢ The TNF-a concentration
in the cell supernatant was determined by ELISA; n = 4-8; Kruskal-Wallis, Dunn’s multiple comparison. d The gene expression of //-16, Tnf-a and /I-6 was assessed by RT-qPCR. The
expression was normalized to Actin and displayed as fold change compared to non-treated control cells; n = 4; one-way ANOVA, Dunnett’s post hoc test. e Cellular and cleaved
GSDMD (C-terminal fragment) levels in the supernatant were determined by western blot (* non-specific band). GSDMD was normalized to ACTIN (n = 4) and the C-terminal
fragment was normalized to whole protein content determined by Ponceau S staining (n = 9). Values are displayed as fold changes compared to LPS/ATP-treated cells; one-way
ANOVA, Dunnett’s post hoc test for GSDMD and Kruskal-Wallis, Dunn’s multiple comparison for cleaved GSDMD. f NLRP3 protein expression was determined by western blot and
normalized to ACTIN. Representative images are shown and values are displayed as fold changes compared to LPS/ATP-treated cells; n = 3-5. The gene expression of Nirp3 was
assessed by RT-qPCR. Its expression was normalized to Actin and displayed as fold change compared to non-treated control cells; n = 4; Kruskal-Wallis, Dunn’s multiple compari-
son. g Proteins were chemically cross-linked by DSS. ASC monomer and oligomers were visualized by western blot.

h ASC monomer protein expression was determined by western blot and normalized to ACTIN. Representative images are shown and values are displayed as fold changes compa-
red to LPS/ATP-treated cells; n = 4; Kruskal-Wallis, Dunn’s multiple comparison. * P < 0.05, ** P <0.01, *** P <0.001.
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