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Abstract

As the understanding of immune responses in Alzheimer’s disease (AD) is in its early phases,
there remains an urgency to identify the cellular and molecular processes driving chronic
inflammation. In AD, a subpopulation of astrocytes acquires a neurotoxic phenotype which
prompts them to lose typical physiological features. While the underlying molecular mechanisms
are still unknown, evidence suggests that myeloid differentiation primary response 83 (MyD88)
adaptor protein may play a role in coordinating these cells” immune responses in AD. Herein,
we combined studies in human postmortem samples with a conditional genetic knockout mouse
model to investigate the link between MyD88 and astrocytes in AD. /n silico analyses of bulk
and cell-specific transcriptomic data from human postmortem brains demonstrated an upregulation
of MyD88 expression in astrocytes in AD versus non-AD individuals. Proteomic studies revealed
an increase in glial fibrillary acidic protein in multiple brain regions of AD subjects. These
studies also showed that although overall MyD88 steady-state levels were unaffected by AD, this
protein was enriched in astrocytes near amyloid plaques and neurofibrillary tangles. Functional
studies in mice indicated that the deletion of astrocytic MyD88 protected animals from the acute
synaptic toxicity and cognitive impairment caused by the intracerebroventricular administration
of B-amyloid (AB). Lastly, unbiased proteomic analysis revealed that loss of astrocytic MyD88
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resulted in altered astrocyte reactivity, lower levels of immune-related proteins, and higher
expression of synaptic-related proteins in response to AB. Our studies provide evidence of the
pivotal role played by MyD88 in the regulation of astrocytes response to AD.

Keywords

astrocytes; MyD88; inflammation; B-amyloid; synaptic toxicity; cognitive impairment;
Alzheimer’s disease

1. Introduction

A dysregulated inflammatory response has emerged as a key target for therapeutic
intervention in Alzheimer’s disease (AD). Current research activities focus primarily on
deciphering the role of microglia, central nervous system’s resident immune cells and
macrophages, because of their immunological role within the brain and their altered immune
capacity in genetic forms of AD (Lewcock et al., 2020). However, other cell types in the
brain also harbor the biological machinery to participate in immune responses, highlighting
that a more expansive approach is required to successfully reveal the complete picture of
how inflammation contributes to AD (Newcombe et al., 2018). Astrocytes, which account
for 20-40% of glial cells in the brain, are well-known for their involvement in modulating
information processing, signal transmission, and neural and synaptic plasticity (Azevedo et
al., 2009; Pelvig et al., 2008; Santello et al., 2019). Nevertheless, although some progress
has been made regarding their participation in brain immunity, the overall role of astrocytes
in immune regulation and neurodegeneration in AD remains relatively unexplored.

Astrocytes have the capability to alleviate and accelerate neurodegeneration. These cells
provided neuroprotection in models of neurodegeneration through the activation of distinct
signaling pathways, including nuclear factor erythroid 2-related factor 2 (NRF2), signal
transducer and activator of transcription 3 (STAT3)/thrombospondin 1 (TSP1), interleukin-3
(IL-3), interleukin-33 (1L-33)/aquaporin 4 (AQP4), endocannabinoid, and lipoxin (Dunn
etal., 2015; Hu et al., 2022; Jiwaji et al., 2022; McAlpine et al., 2021; Medeiros et

al., 2013; Tyzack et al., 2014; Wu et al., 2021). Contrariwise, astrocyte reactivity can
trigger detrimental neurological effects via a2-Na*/K* adenosine triphosphatase (a.2-NKA),
calcineurin (CN)/nuclear factor of activated T cells 4 (NFAT4), apolipoprotein E4 (ApoE4),
and nuclear factor-xB (NF-xB)/complement component 3 (C3), among other signaling
pathways (Jackson et al., 2021; Lian et al., 2015a; Mann et al., 2022; Sompol et al., 2017,
Wang et al., 2021). Therefore, decoding the underlying molecular mechanisms of astrocyte
reactivity could unveil cell-specific targets with meaningful translational benefits in AD.

Myeloid differentiation primary response 88 (MyD88) is an adapter protein that participates
in inflammatory responses driven by toll-like receptors (TLRs, except TLR3) and receptors
of the interleukin-1 (IL-1) family of cytokines. While astrocytes express these receptors
constitutively, their levels are upregulated during disease processes (Liddelow & Barres,
2017; Linnerbauer et al., 2020). Mechanistically, MyD88 acts as a bridge between these
receptors and IL-1 receptor-associated kinases (IRAKS), ultimately amplifying inflammatory
signals through the activation of transcriptional factors NF-xB and activator protein-1
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(AP-1) (Deguine & Barton, 2014). Evidence of the relevance of MyD88 in AD has been
presented both indirectly and directly. For example, TLRs and components of the IL-1
family of cytokines signaling have been linked to the pathogenesis of AD, and p-amyloid
(AP) has been shown to directly activate some of these receptors (Ghosh et al., 2013;

Halle et al., 2008; Kitazawa et al., 2011b; Liu et al., 2012; Reed-Geaghan et al., 2010;
Reed-Geaghan et al., 2009; Shaftel et al., 2007; Vollmar et al., 2010). Pharmacological
inhibition of TLR2 and MyD88 interaction attenuated inflammation and AD-like pathology
in the 5XFAD mouse model (Rangasamy et al., 2018). At the cell-specific level, it has

been shown that deletion of MyD88 in microglia reduces inflammation and p-amyloid (Ap)
accumulation in the APP/PS1 mouse model (Quan et al., 2021). Conversely, another study
has indicated that total MyD88 genetic deletion in APP/PS1 mice does not alter AD-like
pathology (Weitz et al., 2014). The reason for the divergence is unknown, but it could be
related to the distinct approaches applied in the studies. Hence, additional research is needed
to fully elucidate the impact of MyD88 in AD, and more specifically its role in modulating
the function of astrocytes.

We investigated whether MyD88 plays a role in the response of astrocytes to AD. First,

we performed studies using human postmortem samples that revealed that MyD88 is
upregulated in astrocytes in AD and strongly detected in cells near amyloid plaques and
neurofibrillary tangles (NFTs) — the key pathological hallmarks of AD. Furthermore, we
selectively deleted MyD88 from astrocytes in a conditional knockout mouse model and
found that these mice were protected against the synaptic toxicity and cognitive impairment
induced by the intracerebroventricular injection of Ap. Ultimately, our study suggested that
astrocytes employ MyD88 to respond to AP and that this signaling is associated with their
pathological phenotype in AD.

Materials and Methods

Human databases

Normalized transcriptomic data from human temporal cortex (TCX, non-AD =78, AD = 82)
and cerebellum (CBL, non-AD = 77, AD = 81) were obtained from the MayoPilot RNAseq
study deposited in the AD Knowledge Portal (ID: syn5550404) (Allen et al., 2016). All AD
cases had a definite diagnosis of AD according to the National Institute of Neurological
and Communicative Diseases (NINCDS) and Alzheimer’s Disease and Related Disorders
Association (ADRDA) criteria and had a Braak NFT stage of IV or greater. Non-AD
subjects had a Braak NFT stage of 111 or less, neuritic and cortical plague densities of O
(none) or 1 (sparse) according to the Consortium to Establish a Registry for Alzheimer’s
Disease (CERAD) and lacked any other major neurodegenerative disorder. Our study used
normalized data of MyD88 and astrocyte markers glial fibrillary acidic protein (GFAP)

and aldehyde dehydrogenase-1 family member L1 (ALDH1L1) to calculate the z-score of
individual samples. Data were analyzed through an unpaired t-test, with a confidence level
of 95%, using Prism (GraphPad Software, San Diego, CA, USA). The accepted level of
significance for the tests was P < 0.05. The association between MyD88 and GFAP or
ALDHI1L1 was determined using linear regression and Pearson correlation using Prism.
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Cell-specific single-cell ribonucleic acid-sequencing (RNA-seq) data, including the
statistical significance, were obtained from Mathys and colleagues (Supplementary Table
1) (Mathys et al., 2019). Cells were obtained from individuals with no-pathology (N,
individuals with no or very low A burden or other pathologies, n = 24), early-AD

(EAD, individuals with AB burden, but modest neurofibrillary tangles and modest cognitive
impairment, n = 15), and late-AD (LAD, individuals with high Ap burden, increased
neurofibrillary tangles, global pathology, and cognitive impairment, n = 9). In our study,
we represented the data relative to the mean level of the no pathology group.

Postmortem human brain

Brain tissue from non-AD (n = 19) and AD (n = 21) individuals were obtained from

the Alzheimer’s Disease Research Center at the University of California, Irvine (UCI)
(Supplementary Table 2). Informed consent was obtained from patients prior to death, in
accordance with the United States Federal Policy for the Protection of Human Subjects. The
protocol for obtaining postmortem brains was approved by the UCI Institutional Review
Board. Our study was also approved by The University of Queensland Human Research
Ethics Committee. Paraformaldehyde-fixed and fresh frozen samples from the hippocampus
(HPC), TCX, and CBL were provided. Data were analyzed through an unpaired t-test,

with a confidence level of 95%, using Prism (GraphPad Software). The accepted level of
significance for the tests was P < 0.05.

2.3. Animals

Experimental procedures used in the present study followed the Principles of Laboratory
Animal Care from the National Institutes of Health (Bethesda, MD, USA). Our study

was approved by the UCI Institutional Animal Care and Use Committee and The

University of Queensland Animal Ethics Committee. GFAP-Cre~/0-MyD88fl/fl (AMYD+) angd
GFAP-Cre*/0-MyD8sfl/fl (AMYD-) mice with and without MyD88 expression in astrocytes,
respectively, were generated from B6.Cg-Tg(Gfap-cre)77.6Mvs/2J (IMSR_JAX: 024098)
and B6.129P2(SJL)-Myd88tm1Defr/J (IMSR_JAX: 008888) mice (The Jackson Laboratory,
Bar Harbor, ME, USA). Mouse genotyping was performed according to The Jackson
Laboratory’s protocol. We further confirmed the deletion of MyD88 expression in astrocytes
by confocal colocalization using GFAP and MyD88 antibodies followed by orthogonal
analysis and Imaris software colocalization analysis (Supplementary Figure 1a—c). Animals
were housed in a pathogen-free animal facility at controlled room temperature (22 + 2°C)
and humidity (60-80%) under a 12:12-hour light-dark cycle (lights on at 6 AM) with ad
libitum access to food and water. Animals were used at six months of age.

2.4. Preparation of Ap4, oligomers

Oligomers were prepared using human A4, peptide (Tocris Bioscience, Minneapolis,

MN, USA), as previously described (Lambert et al., 1998). AB4, was solubilized in
hexafluoroisopropanol, and the solvent was evaporated to produce dried films, which were
subsequently dissolved in sterile anhydrous dimethylsulfoxide to make a 5 mM solution.
This solution was diluted to 100 uM in ice-cold phosphate-buffered saline (PBS) and
incubated overnight at 4°C. The preparation was centrifuged at 14,000 x g for 10 min at
4°C to remove insoluble aggregates (protofibrils and fibrils) and the supernatants containing
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soluble Ap4, oligomers were stored at 4°C. Routine characterization of preparations was
performed by dot blot using anti-Ap oligomer A11 antibody (kindly donated by Dr. Charles
Glabe, UCI). Oligomers were used within 48 h of preparation.

2.5. Stereotactic intracerebroventricular injection

Mice were anesthetized with isoflurane and fixed on a stereotaxic apparatus (Stoelting,
Wood Dale, IL, USA). Using a 10 pL syringe and an automated syringe pump, 1 uL of PBS
or oligomeric Ap4» (10 pmol) was injected into the ventricle using the following stereotaxic
coordinates: anteroposterior = —0.22 mm, mediolateral = 1 mm, and dorsoventral = -3 mm.
The syringe was kept in place for 5 min after the injection.

2.6. Open field (OF)

Mice were tested on the fourth-day post intracerebroventricular injection. Mice were placed
in the center of the open field apparatus and the total number of squares crossed with all four
paws and rearing behavior were registered for 5 min.

2.7. Morris water maze (MWM)

Mice were trained to swim to a platform submerged 1.5 cm beneath the water’s surface,
starting on the fifth-day post-intracerebroventricular injection. Four trials were performed
per day, for 60 sec each with a 5 min interval between trials. Mice were trained for

four consecutive days. The probe test was assessed 24 h after the last trial, with the
platform removed. Performance was monitored with the EthoVision XT video-tracking
system (Noldus Information Technology, Leesburg, VA, USA).

2.8. Contextual fear conditioning (CFC)

The contextual fear conditioning test was initiated on the tenth-day post
intracerebroventricular injection. During training, mice were placed in the fear conditioning
chamber and allowed to explore for 2 min before receiving three electric foot shocks
(duration: 1 sec, intensity: 0.2 mA, intershock interval: 2 min). Animals were returned to the
home cage 30 sec after the last foot shock. Twenty-four hours later, freezing behavior in the
conditioning chamber was recorded for 5 min.

2.9. Mouse brain dissection

Brains were collected 12 days post intracerebroventricular injection. Mice were deeply
anesthetized with sodium pentobarbital (350 mg/kg, intraperitoneal injection) and sacrificed
by transcardial perfusion with ice-cold PBS. Brains were extracted and sliced in half through
the sagittal plane. Cerebellum, brainstem, and olfactory bulb were removed from the left
hemisphere and the remaining hemibrain tissue was snap-frozen in liquid nitrogen and
stored at —80°C. The right hemisphere was fixed in 4% paraformaldehyde in PBS at 4°C for
48 h, and then stored in 0.02% sodium azide in PBS at 4°C.

2.10. Brain slicing

Fixed brain tissues were cryoprotected in 30% sucrose solution in PBS at 4°C. Frozen
human and mouse brain tissues were sectioned into 20 and 40 um sections, respectively,
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using a Leica SM2010R freezing microtome (Leica Microsystems, Bannockburn, IL, USA).
Sections were stored in 0.02% sodium azide in PBS at 4°C.

Immunohistochemistry

Free-floating sections were pretreated with 3% hydrogen peroxide and 10% methanol in
tris-buffered saline solution (TBS) for 30 min to block endogenous peroxidase activity.
After a TBS wash (10 min), sections were permeabilized once in 0.1% Triton X-100 in
TBS (TBSA) for 15 min and blocked once with 2% bovine serum albumin (BSA) in

TBSA (TBSB) for 30 min. Sections were incubated overnight at 4°C with MyD88 or

GFAP antibody (Abcam, Cambridge, UK). Antibodies were diluted in 5% normal serum

in TBSB. After three washes in TBS (5 min each), sections were incubated for 1 h with a
biotinylated secondary antibody (1:200 in TBSB). Sections were then processed using the
Vectastain Elite ABC reagent and 3,3’ -diaminobenzidine (Vector Laboratories, Burlingame,
CA, USA) according to the manufacturer’s instructions. Finally, sections were mounted on
gelatin-coated slides, dehydrated in graded ethanol, cleared in xylene, and coverslipped with
DPX mounting medium (BDH Laboratory Supplies, Poole, ENG). The specificity of the
immune reactions was controlled by omitting the primary antibody. GFAP*-astrocytes and
cellular patterns from MyD88 staining were examined by a proficient investigator in the
human HPC, TCX and CBL (n = 10 for non-AD and AD). Representative images were
acquired using a Zeiss Axio Imager M2 microscope (Zeiss Microscopy, Jena, GER).

Immunofluorescence

Free-floating sections were incubated with 3% normal serum, 2% BSA, and 0.1% Triton
X-100 in TBS for 1 h. Using the same buffer solution, sections were incubated overnight at
4°C with the following primary antibodies: GFAP, S100 calcium-binding protein B (S100b),
MyD88, neuronal nuclei (NeuN), microtubule-associated protein 2 (MAP2), synaptophysin
(SYP), postsynaptic density protein 95 (PSD95), complement C3, apolipoprotein E

(ApoE) (Abcam), HT-7 (Thermo Scientific, Waltham, MA, USA), 6E10 (BioLegend, San
Diego, CA, USA), ionized calcium-binding adapter molecule 1 (Ibal) (FUJIFILM Wako
Chemicals, Osaka, JP), and Ap4, (kindly donated by Dr. David Cribbs, UCI). Sections
were then rinsed and incubated for 1 h with secondary Alexa Fluor-conjugated antibodies
(Invitrogen, Carlsbad, CA, USA). Finally, sections were mounted onto gelatin-coated slides
in Fluoromount-G (Southern Biotech Associates, Birmingham, AL, USA). The specificity of
the immune reactions was controlled by omitting the primary antibody.

Three-dimensional images were acquired with a Leica DM2500 confocal laser microscope
using the Leica Application Suite Advanced Fluorescence software (Leica Microsystems,
Inc., Bannockburn, IL). For human tissues, confocal images were acquired in three to five
fields per section using the 40x and 63x objectives. In mice, immunostaining in the different
groups was assessed at three comparable brain coronal sections positioned between 1.34-
and 2.54-mm posterior to the bregma with a space separation of at least 160 um (3 sections
per mouse). Three-dimensional images were acquired in the hippocampal CA1 and CA3
subregions using the 40x and 63x objectives. Confocal images were acquired via sequential
scanning using a z-step size of 0.5 um under the 40x objective and z-step size of 0.1 um
under the 63x objective. Quantitative volumetric analysis of the three-dimensional images
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was performed with the Imaris software (Bitplane, Inc., South Windsor, CT, USA) using the
colocalization and surface tools.

2.13. Western blot

Frozen tissues were ground into powder in liquid nitrogen and lysed in ice-cold T-PER
extraction buffer (Thermo Scientific) containing phosphatase inhibitor cocktail 2 (Roche,
Basel, CH) and complete Mini EDTA-Free protease inhibitor cocktail (Sigma Aldrich, St.
Louis, MO, USA). Samples were lysed in four cycles of 15 s and 5,800 rpm at 4°C, with

45 s intervals, using the Precellys homogenizer (Bertin, Montigny-le-Bretonneux, FRA).
Samples were kept on ice for 10 min before tissue lysates were separated by centrifugation
at 100,000 x g for 60 min at 4°C to obtain the T-PER soluble fraction. Protein concentrations
were determined using the Bradford assay (Bio-Rad Laboratories, Hercules, CA, USA).

Proteins were separated on a Mini-Protean TGX 4-20% denaturing gel and transferred

onto a nitrocellulose membrane (Bio-Rad Laboratories). Membranes were incubated in TBS
containing 0.1% Tween-20 and 5% BSA for 1 h, followed by overnight incubation in the
primary antibody at 4°C. The following primary antibodies were used: GFAP, MyD88, SYP,
PSD95 (Abcam), cluster of Differentiation 47 (CD47), and actin (Thermo Scientific). After
three washes in TBS (5 min each), membranes were incubated with horseradish peroxidase
(HRP)-conjugated or IRDye-conjugated secondary antibodies for 1 h (LI-COR Biosciences,
Lincoln, NE, USA). Chemiluminescence signal was developed with SuperSignal West Dura
(Thermo Scientific). Images were acquired using the Odyssey Fc imaging system and
analyzed using the Image Studio software (LI-COR Biosciences).

2.14. Proteomic analysis by mass spectrometry

Sample preparation: Proteomic studies were performed at the Australian Proteome
Analysis Facility at Macquarie University (Sydney, NSW, AUS). In brief, mouse hemibrains
were homogenized using bead beating. Tissue was transferred into a tube containing a

glass bead and lysis buffer (100mM Tris-HCI buffer, pH 8.8, 8 M urea, 1% w/v SDS),

and homogenized to lyse the tissue and release the cellular contents. Viscous cellular
deoxyribonucleic acid (DNA) was lysed using probe sonication, followed by centrifugation
to separate the cell lysate from cellular debris. Supernatant protein suspension was subjected
to further processing. First, cysteine disulfide bonds in the proteins were reduced with 10
mM dithiothreitol (DTT) at 37°C for 45 min and then alkylated with 20 mM indole-3-acetic
acid (IAA) for 45 min protected from light at room temperature. Excessive IAA in the
sample was quenched with 10 mM DTT for 15 min in the dark at room temperature.

Finally, samples were subjected to clean-up using a chloroform-methanol precipitation
procedure and the protein pellet was air-dried. The pellet was resuspended in a urea

buffer (L00mM Tris-HCI buffer, pH 8.8, 8 M urea). The protein concentration of the
samples was determined using a BCA protein quantification assay as per the manufacturer’s
instructions (Thermo Scientific). One hundred micrograms of protein from all samples were
subjected to proteolysis with Lys-C (100:1 protein to enzyme ratio) at room temperature
overnight followed by digestion with trypsin (50:1 protein to enzyme ratio) for 6 h at 37°C.
Samples pH was adjusted to approximately 3 using a final concentration of approximately
1% trifluoroacetic acid (TFA) before being concentrated and desalted using a solid-phase
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extraction disk Styrene Divinyl Benzene containing Stage tips (Empore SDB-RPS 47

mm extraction disk). Briefly, stage tips were self-packed into pipette tips, peptides were
bound to the stage tip, washed with 0.2% TFA and finally eluted with 80% acetonitrile:
5% ammonium hydroxide. Peptides were dried by vacuum centrifuge and reconstituted

in 200 mM N-2-hydroxyethylpiperazine-N’—2-ethanesulfonic acid (HEPES) pH 8.8 before
peptide concentration was determined using the Pierce quantitative colorimetric peptide
assay (Thermo Scientific).

Tandem Mass Tag (TMT): Two TMT experiments were carried out to accommodate 20
hemibrain biological replicates (5 per group). Briefly, anhydrous acetonitrile was added to
each TMT label vial followed by vortexing for 5 min and brief centrifugation. Aliquots

of individual peptide samples were labeled with one of the individual TMT labels (a total
of ten labels). Labeling was performed at room temperature (RT) for 1 h with occasional
vortexing. After the labeling, the excess TMT label in each sample was quenched using

5% hydroxylamine with vortexing and the sample was then incubated at RT for 15 min. A
pre-pooling “label check” experiment was performed by mixing 1.5 pL of each individually
labeled TMT sample and vacuum drying the mixture to ensure an equal amount of peptide
per label was pooled from all samples. Samples were reconstituted in 0.1% formic acid

and analyzed by liquid chromatography-mass spectrometry (LC-MS Q-Exactive, Thermo
Scientific). A normalization factor was obtained from the label check experiment and TMT-
labeled peptide samples were pooled at a 1:1 ratio across all samples and vacuum dried. The
peptide mixture was fractionated by off-line high pH (HpH) reverse phase HPLC into 96
fractions that were then consolidated into 17 fractions. Consolidated fractions were vacuum
dried in a vacuum centrifuge.

Nanoflow Liquid Chromatography Electrospray lonization Tandem Mass
Spectrometry (nano LC-ESI-MS/MS): The HpH fractioned peptides of each TMT set
were reconstituted with sample loading buffer (2% acetonitrile, 97.9% water, 0.1% formic
acid) and subjected to liquid chromatography with tandem mass spectrometry analysis (LC-
MS-MS). TMT labeled peptide samples were injected onto the trap column and desalted
with the loading buffer. Peptides were eluted from the trap column into an in-house packed
analytical column, and peptides were separated with the linear gradients of mobile phase

A and B: mobile phase B (1-30%) over 120 min with a flow rate of 600 nL/min across

the gradient. The column eluent was directed into the ionization source of the mass
spectrometer, where a 2.7 kV electrospray voltage was applied. Peptide precursors from

350 to 1850 m/z were scanned at 60,000 resolutions with an automatic gain control (AGC)
target value of 3x10°. The ten most intense ions from the survey scan were fragmented by
higher-energy collisional dissociation (HCD) using a normalized collision energy of 33 with
an isolation width of 0.8 m/z. Only precursors with charge states +2 to +5 were selected

for tandem mass spectrometry analysis (MS/MS). The mass spectrometry method had a
minimum signal requirement of 3x102 ions for triggering the MS/MS. An AGC target value
of 1x10° for a maximum injection time of 85 ms and scan resolution of 45K were set for the
MS/MS. The dynamic exclusion was set to 30 seconds.
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Database searching, peptide quantification, and statistical analysis: Raw data
files were searched against protein sequence databases using Proteome Discoverer (version
2.1, Thermo Scientific). Data were processed using search engines SequestHT and Mascot
(Matrix Science, London, UK) against all Mus musculus sequences downloaded from the
SwissProt database (Aug-2018). The parameters for the data processing were as follows:
Enzyme: Trypsin; Maximum missed cleavages: 2; Precursor mass tolerance: 20 ppm;
Fragment mass tolerance: 0.02 Da; Dynamic modifications: Oxidation (M), Deamidated (N,
Q), PyroGlu (Q), Acetyl (Protein N-Terminus), Acetyl protein N-term (Sequest), TMT6plex
(K) and TMT6plex (N-term); Static Modification: Carbamidomethyl (C); FDR and result
display filters: Protein, Peptide, and peptide-spectrum matches (PSM) false discovery rate
(FDR) < 1%, Master proteins only.

Computational Analysis: Differentially expressed proteins (P < 0.05 and fold change

> 1.2) were analyzed using the ShinyGO database to determine ontology enrichment for
biological process, cellular component, and molecular function terms and perform Reactome
pathway analysis (Ge et al., 2020).

2.15. Statistical analysis

Statistical evaluation of mice data was performed using a two-way analysis of variance
(ANQOVA), followed by Tukey’s multiple comparisons test. The accepted level of
significance for the tests was P < 0.05. Significance in figures is represented by the
following symbols; *P< 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Tests were
performed using Prism (GraphPad Software).

3. Results

3.1

MyD88 is upregulated in astrocytes in AD

We initially analyzed /n silico data from two independent human transcriptomic datasets

to determine the potential association between MyD88 and astrocytes. In the MayoPilot
RNAseq study, bulk RNAseq data from the TCX were used to determine changes triggered
by AD, whereas data from the CBL were used as a control since this region is less affected
by AD (Allen et al., 2016). Our analysis showed that GFAP (Figure 1a), ALDH1L1 (Figure
1b), and MyD88 (Figure 1c) RNA levels were higher in the TCX of AD individuals
compared to non-AD individuals. Conversely, expression levels of these genes in the CBL
were not raised by the disease (Figure 1d—f). We next determined the correlation between
MyD88, and astrocyte markers using the Pearson correlation coefficient and found that
changes in MyD88 positively correlated with increased GFAP (Figure 1g) and ALDH1L1
(Figure 1h) expression in the TCX.

We accessed single-cell transcriptomic data from Mathys and colleagues to gain additional
evidence of the potential link between MyD88 and astrocytes in AD (Mathys et al.,

2019). Three distinct groups were analyzed: N (no AD pathology), EAD (mid-level AD
pathology), and LAD (high-level AD pathology). In the original study, comparison of gene
expression in cells isolated from AD versus non-AD subjects has demonstrated that GFAP,
but not MyD88, is among the 1,031 unique differentially expressed genes (DEGS) (Mathys
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et al., 2019). In comparison, the levels of some established AD-related genes, namely
complement C3 and transforming growth factor p1 (TGF1) in astrocytes and triggering
receptor expressed on myeloid cells 2 (Trem2) in microglia were also not among the DEGs
(Supplementary Table 1). Single-cell transcriptomic studies are challenging (Kiselev et al.,
2019). Therefore, it is unsurprising that only a small number of highly expressed genes were
significant.

Our analysis found that GFAP levels were higher in astrocytes isolated from LAD
individuals than those isolated from EAD and N individuals (LAD > EAD > N). This
finding provides further support for the hypothesis that astrocytes shift towards a reactive
phenotype in their response to the progressive changes caused by AD. Despite the lack

of statistical significance, MyD88 followed a similar linear pattern, with its expression
being the highest in astrocytes isolated from subjects with higher AD pathology (LAD)
(Figure 2a). MyD88 levels were also higher in other cell types in AD, including microglia,
excitatory neurons, and inhibitory neurons, where its expression fluctuated with the course
of disease progression (Figure 2b—e). Our studies indicate that MyD88 might participate in
the response of astrocytes to the pathological changes in AD.

3.2. MyD88 is enriched in astrocytes adjacent to AD neuropathology

We next aimed at validating the link between MyD88 and astrocytes at the protein level.
Western blot studies showed that AD is characterized by higher GFAP steady-state levels in
the HPC and TCX, which are brain regions primarily affected by the disease (Figure 3a).
We also found an increase in GFAP levels in the CBL of AD compared to hon-AD subjects,
likely due to our cohort’s advanced age and the widespread neurodegenerative processes
that propagated to other non-primary brain areas in the late stage of the disease. Conversely,
MyD88 steady-state levels were not altered by AD in the brain areas studied.

We also investigated astrocytes at the cellular level using histological methods. Confocal
microscopy analyses revealed that GFAP*-astrocytes are broadly distributed in the HPC
(Figure 3b), TCX, and CBL (Supplementary Figure 2). We also observed the presence of
GFAP*-astrocyte clusters near AB4,"-plaques and tau*-NFTs in the HPC and TCX of AD
individuals. Although sparse, non-AD brains also presented clustered GFAP*-astrocytes,
which occurred due to the presence of lower but existent AD neuropathology. Cerebellums
from non-AD and AD subjects did not display Ap4, and tau staining, nor did they show
well-defined clusters of GFAP*-astrocytes (Supplementary Figure 2). Comparable GFAP
staining was detected through immunohistochemistry, in which GFAP*-astrocytes were
widely found in the HPC (Figure 3c). Once again, clustered astrocytes were observed in AD
brains and to a lesser extent, in non-AD brains.

We initially determined the pattern of MyD88 immunostaining using immunohistochemistry.
Our studies revealed that MyD88 is expressed in distinct cell types in the HPC, TCX,

and CBL (Figure 3c, Supplementary Figure 3). We classified MyD88 immunostaining in
neuronal-, vascular- and glial-like cells in the HPC and CBL, while MyD88 expression in
the TCX was only observed in vascular- and glial-like cells. Importantly, MyD88 staining
was detected in clustered glial-like cells in the HPC and TCX of AD brains. We then used
colocalization confocal studies to differentiate glial cells harboring MyD88 (Figure 3d). We
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observed that Ibal*-microglia and GFAP*-astrocytes colocalized with MyD88 in the HPC
of non-AD and AD brains (Figure 3d). Notably, quantitative analysis revealed that MyD88
levels were higher in GFAP*-astrocytes (Figure 3e) and Ibal*-microglia (Figure 3f) nearby
amyloid plaques. Our findings indicate that although overall MyD88 protein levels do not
change in AD, MyD88 is enriched in astrocytes near the neuropathological markers of AD.

3.3. MyD88 deletion in astrocytes inhibits AB-induced cognitive impairment

Because cognitive decline is the leading clinical outcome of AD, we decided to investigate
whether astrocytic MyD88 participates in the cognitive impairment driven by Ap. For

these studies, we challenged mice expressing MyD88 in astrocytes (AMYP*) and mice with
deletion of MyD88 from astrocytes (AMYP~) with an intracerebroventricular injection of
AB4o. We initially used the Morris water maze since it strongly correlates with synaptic
plasticity in the hippocampus, a primary area affected in AD (Braak & Del Tredici, 2015;
Vorhees & Williams, 2006). We examined the ability of mice to acquire (training session)
and retrieve (probe session) spatial information as these functions are indicative of learning
and memory. As expected, the intracerebroventricular injection of AB4, in AMYD* mice
resulted in a decline in learning and memory, as indicated by longer latencies in the training
trials (Figure 4a) and reduced time spent in the correct quadrant (Figure 4b) during the probe
trial, compared to AMYD* mice treated with PBS. On the other hand, AB,, did not change
the acquisition and retrieval latencies compared to PBS in AMYD~ mice.

Subsequently, we tested animals using contextual fear conditioning, which relies on the
amygdala, hippocampus, frontal cortex, and cingulate cortex (Maren et al., 2013). AB4o-
treated AMYD* mice showed lower freezing latency compared to PBS-treated AMYP+ mice
(Figure 4c). Mice with deletion of MyD88 from astrocytes displayed comparable behavior
regardless of the treatment with PBS or AB4,. Finally, animals were tested in the open

field to assess novel environment exploration, general motor activity, and anxiety-related
behavior (Prut & Belzung, 2003). We found that the detrimental effects of AB4, on cognition
were not related to motor impairment and anxiety-related behavior, since no alterations of
the swimming distance (Figure 4d) and speed (Figure 4e) in the Morris water maze, or

the total squares crossed (Figure 4f) and rearing behavior (Figure 4g) in the open field,

were detected. Likewise, novel environment exploration, general motor activity, and anxiety-
related behavior were not altered by the mouse genotype. These studies provide evidence
that astrocytic MyD88 contributes to the cognitive deficits caused by Ap.

3.4. MyD88 deletion in astrocytes inhibits AB-induced hippocampal synaptic toxicity

Another prominent AD characteristic is early synaptic loss, which correlates with cognitive
impairment (Terry et al., 1991). We first performed western blots for SYP and PSD95 using
mouse hemibrain lysates and found no changes in the steady-state levels of these synaptic
proteins (Supplementary Figure 1e,f). We then focused on the hippocampal region because
of its association with the cognitive tasks used in our study and since it is adjacent to

the brain ventricle where AB4, was injected. We used confocal microscopy to evaluate the
levels of NeuN, MAP2, SYP, and PSD95 and thereby explore any induced synaptic toxicity
on a brain region-specific level (Figure 5a). Expression of the neuronal proteins NeuN
(Figure 5b,c) and MAP2 (Figure 5d,e) was unchanged by mouse genotype and treatment,
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indicating no alterations in neuronal density and structure. In contrast, AB4,-treated AMYD+
mice showed lower levels of presynaptic protein SYP compared to PBS-treated AMYD+ mice
(Figure 5f,g). The impact of AB42 in mice with deletion of MyD88 from astrocytes was

less pronounced. We also determined the levels of postsynaptic protein PSD95. AB4o-treated
AMYD* mijce displayed lower PSD95 levels compared to PBS-treated AMYD* mice (Figure
5h,i). Moreover, PSD95 levels were higher in mice lacking astrocytic MyD88 compared

to AMYD+ mice following Apa, treatment. These results indicate that astrocytic MyD88 is
involved in the synaptic pathology induced by A in the hippocampal region.

3.5. Proteomic changes driven by the deletion of astrocytic MyD88

We performed unbiased proteomic analysis to define the molecular signature of the brains
of mice expressing and lacking astrocytic MyD88. We identified 95 differentially expressed
proteins from the 7,296 highly confident proteins detected in all mouse hemibrain samples
(Supplementary Table 3). The small number of differentially expressed proteins supports
our previous western blot studies that suggested that intracerebroventricular injection of
A4 results in modest overall changes in the mouse hemibrain. Nevertheless, unsupervised
hierarchical clustering of differentially expressed proteins established four major protein
groups (Supplementary Figure 1g). Proteins enriched in clusters one (36 proteins) and two
(32 proteins) showed a distinction between PBS-treated AMYD* and AMYD= mice, implying
genotype-related variances in benign conditions. On the other hand, clusters three (18
proteins) and four (8 proteins) displayed a more significant difference between AB4,-treated
AMYD+ and AMYD- mjce,

We analyzed all clusters independently in the ShinyGO database to determine the ontology
enrichment. However, proteins in each cluster did not show significant enrichment for
biological process, cellular component, and molecular function terms. We focused on
clusters three and four to identify potential molecular markers associated with AB4»
treatment. Individual proteins in these clusters were grouped based on functional categories
defined by high-level ontology terms, such as the regulation of biological quality (8
proteins), regulation of localization (7 proteins), response to stress (5 proteins), regulation
of signaling (5 proteins), and immune system process (3 proteins) (Supplementary Table 3).
We identified the protein CD47, which has been implicated in protecting against excessive
synaptic pruning during development, in multiple functional categories and performed a
western blot targeting it to validate the proteomic data (Lehrman et al., 2018). Steady-state
levels of CD47 were lower in AB4o- versus PBS-treated AMYD+ mice, and deletion of
MyDa88 in astrocytes mitigated the effect of A4 on CD47 expression (Supplementary
Figure 1h,i).

Furthermore, we performed targeted pairwise expression analysis to identify proteomic
signatures associated with mice genotypes and pharmacological treatments (Supplementary
Table 4). Comparisons of PBS-treated AMYD* and AMYD~ mice revealed 119 differentially
expressed proteins. AMYD+ mice had 64 proteins enriched while AMYP~ mice had 55
proteins enriched (Figure 6a). Analysis of 55 proteins enriched in PBS-treated AMYD-

mice did not show enrichment for ontology terms. In contrast, deletion of MyD88 from
astrocytes resulted in lower levels of proteins associated with ion transport (FDR 8.4E-3),
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neuron projection (FDR 1.6E-2), synapse (FDR 1.6E-2), and potassium ion transmembrane
transporter activity (FDR 4E-2). Reactome pathway analysis in the ShinyGO database
showed the association of these proteins with the neuronal system (FDR 1.6E-2), cellular
response to heat stress (FDR 1.6E-2), and voltage-gated potassium channels (FDR 2.4E-2)
pathways (Figure 6b, Supplementary Table 4). Therefore, deletion of astrocytic MyD88
altered the basic brain proteomic signature, particularly of proteins related to neuronal
function.

Next, we evaluated the impact of mouse genotype on the response to Ap. Comparisons

of AB4o-treated AMYD* and AMYD= mice, revealed 61 differentially expressed proteins
(Figure 6c). Animals with deletion of astrocytic MyD88 had reduced levels of 41 proteins.
Contrariwise, levels of 20 proteins were higher in AMYD~ mice. Analysis of the differentially
expressed proteins in the ShinyGO database did not show significant ontology enrichment.

We were particularly interested in comparing PBS- and AB4,-treated AMYD+ mice to
identify potential pathways related to the changes in cognitive function. We identified 17
differentially expressed proteins, with the levels of 13 proteins lower and four proteins
higher in mice treated with Ap4, (Figure 6d). Proteins lower in AP4o-treated mice

were associated with ontology terms, including neuron projection (FDR 4.5E-2), axon

(FDR 4.5E-2), and synaptic vesicles (FDR 4.5E-2) (Figure 6e, Supplementary Table 4).
Additionally, investigation of the four proteins with higher levels in AB4 in AMYP* mice did
not result in significant ontology enrichment. This dataset corroborates that Ap4, treatment
to mice expressing astrocytic MyD88 results in loss of neuronal- and synaptic-related
proteins.

Finally, we evaluated the proteomic signature of AMYD~ mice in response to PBS and AB4»
treatment. Pairwise expression analysis showed 46 differentially expressed proteins. PBS-
treated mice had enrichment of 31 proteins, while Ap4»-treated mice showed enrichment

of 15 proteins (Figure 6f). Ontology analysis indicated that proteins enriched in PBS-
treated AMYP~ mice were associated with regulation of AB clearance (FDR 4.3E-4), cell
differentiation (FDR 4.3E-4), glial cell development (FDR 1.2E-3), cell development (FDR
6.2E-4), and immune response process (FDR 8.7E-4), among other biological processes.
At the cellular level, these proteins were linked to cell projection (FDR 5.8E-5), neuron
projection (FDR 3.9E-4), dendritic tree (FDR 4.4E-3), among other structures where they
regulate distinct molecular functions, including glycosaminoglycan binding (FDR 4.5E-5),
receptor for advanced glycation end products (RAGE) receptor binding (FDR 1.4E-3), and
signaling receptor binding (FDR 2.1E-3). Signaling pathways enriched in the Reactome
analysis included the immune system (FDR 2.4E-2), extracellular matrix organization (FDR
9.9E-3) and complement cascade (FDR 9.9E-3) (Figure 6g, Supplementary Table 4). GFAP,
complement component 4b (C4b), and ApoE were among the proteins enriched in PBS-
treated AMYD~ mice. Moreover, ontology terms associated with cellular components were
significantly enriched in AMYD= mice treated with AR5, such as neuron projection (FDR
4.9E-2) and postsynaptic specialization (FDR 4.9E-2) (Figure 6h, Supplementary Table 4).
These data suggest that deletion of MyD88 alters astrocytes reactivity and reduces the
overall levels of immune-related proteins following A4, treatment favoring the preservation
of neuronal integrity.
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3.6. Astrocytic MyD88 deletion reduces astrocytes reactivity to Ap

Finally, we used confocal microscopy to validate that the loss of astrocytic MyD88 is
associated with the alteration of astrocytes reactivity to Ap in the hippocampus. The
intensity of S100b*-astrocytes was higher in AB,,-treated compared to PBS-treated AMYD+
mice. AMYD~ mice treated with PBS and AR, showed comparable S100b levels in the
CAL, but not CA3 hippocampal subregions (Figure 7a—c). GFAP levels were also higher

in ABao-treated compared to PBS-treated AMYD* mice. However, MyD88 deletion from
astrocytes inhibited the impact of AB4, in the CA1 and CA3 hippocampal subregions
(Figure 7a,d,e). We also measured the expression of ApoE and complement C3 in GFAP*-
astrocytes in the CA1 hippocampal subregion. GFAP co-localization with ApoE (Figure
7f,9) and complement C3 (Figure 7h,i) increased in AMYP* mice following A4, treatment,
and these processes were less evident in mice with deletion of astrocytic MyD88. Our data
support the idea that MyD88 is involved in the response of hippocampal astrocytes to Ap.

4. Discussion

In this study, we observed an upregulation of MyD88 protein in astrocytes in AD brains,
predominantly near amyloid plaques and NFTs. Functional studies in mice demonstrated
that deletion of astrocytic MyD88 reduced the cognitive impairment and hippocampal
synaptic toxicity induced by AB4,. Whole proteomic analyses of mouse hemibrains revealed
that deletion of astrocytic MyD88 altered the brain proteomic signature without causing
apparent structural and behavioral changes in control mice. Our analyses also demonstrated
that ABap-treated AMYD* mice had lower neuronal-related proteins levels than their PBS-
treated counterparts. Notably, AR, treatment in AMYP~ mice downregulated proteins
linked to the immune system, extracellular matrix organization, and complement cascade.
Concomitantly, it upregulated proteins associated with postsynaptic specialization and
neuron projection. Finally, we discovered that deletion of astrocytic MyD88 lowered GFAP,
S100b, ApoE and complement C3 protein levels in hippocampal astrocytes in response

to Ap4o. Altogether, we identified astrocytic MyD88 as a molecular marker of AD, in
addition to demonstrating its role in facilitating AP4»-induced synaptotoxicity and cognitive
impairment.

Astrogliosis in AD is not only prominent in later disease stages but is also present

at earlier stages, with changes in plasma GFAP emerging as an early and specific

marker of Ap accumulation, even in cognitively normal individuals with normal Ap

status (Carter et al., 2019; Pereira et al., 2021). Supporting this view, a study using a
non-mutant human A knock-in mouse model indicated that GFAP*-astrocytes, but not
Ibal*-microglia, surround initial amyloid OC*-protofibrils clusters (Baglietto-Vargas et al.,
2021), reinforcing astrocytes as one of the promptest cell-types to respond to ApB. Astrocytes
are immune competent cells, and their function is guided by the collective signals from
various immunoreceptors, whose expression and activity depend on the developmental
stages of the cell and its environmental context (Liddelow & Barres, 2017; Medeiros &
LaFerla, 2013). Accordingly, the molecular signature and role of these cells are variable

in AD, and subpopulation of cells displays characteristics of chronically activated pro-
inflammatory cells (Habib et al., 2020; Sadick et al., 2022). The diversity of astrocytes
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implies that complete blockage of their function is not feasible as a therapeutic strategy,
as demonstrated by studies where ablation of astrocyte reactivity in mouse models of

AD increased production of monomeric AP and reduced degradation of AR, heightened
expression of pro-inflammatory cytokines, decreased expression of synaptic markers, and
exacerbated cognitive deficits (Davis et al., 2021; Katsouri et al., 2020; Kraft et al., 2013).
However, reactive astrocytes also facilitate Ap accumulation, tau pathology, production of
pro-inflammatory mediators, and cognitive decline (Jackson et al., 2021; Kitazawa et al.,
2011a; Lian et al., 2015a; Mann et al., 2022; Sompol et al., 2017; Wang et al., 2021).
Mechanistically, it has been proposed that activation of the transcriptional factors STAT3
and NF-xB is, at least in part, related to their protective and detrimental phenotypes,
respectively (Anderson et al., 2016; Liddelow et al., 2017). Notably, MyD88 is a major
cellular signal upstream to NF-xB (Deguine & Barton, 2014). Hence, astrocytes could

be not only a promising biomarker but also a therapeutic target even before the clinical
symptoms of AD emerge. However, because astrocytes are broadly involved in protective
and harmful mechanisms in AD their activity must be carefully balanced instead of fully
inhibited. To translate their potential into the clinic, we therefore need to identify unique
cellular mediators with prominent biological activities to certify their role as a meaningful
component in the pathogenesis of disease.

Our human studies provided strong evidence that MyD88 can participate in the neurotoxic
response of astrocytes to AD. Bulk and cell-specific transcriptomic data implied a positive
correlation between MyD88 and astrocytes markers in two independent human cohorts.
Importantly, we validated the relationship between MyD88 and astrocytes at the protein

level in a third human cohort that showed the enrichment of astrocytic MyD88 near amyloid
plaques and NFTSs. To investigate the potential role of astrocytic MyD88 in AD, we used a
murine model of acute AP toxicity. Although this model does not display accumulation

of amyloid plaques like animals expressing humanized amyloid precursor protein, it

exhibits critical characteristics of AD such as loss of synaptic markers, inflammation,

and cognitive decline (Balducci & Forloni, 2014; Batista et al., 2021; Canet et al., 2020;
Oliveira et al., 2021; Stidkamp et al., 2021; Wu et al., 2018; Xiang et al., 2022). Thus, it
allowed a practical assessment of the relationship between astrocytic MyD88 and A while
circumventing additional complex animal engineering. Overall, our study established that
the astrocytic response to A4, involves MyD88 and that this signaling pathway participates
in the processes that culminate in synaptic degeneration and cognitive impairment. We
attempted to determine associated cognitive mechanisms through unbiased proteomics,
which provided potentially interesting but somewhat inconclusive data due to the small
number of differentially expressed proteins across the different groups. For instance, we only
identified 30 differentially expressed proteins in the hemibrains of PBS- and Ap4,-treated
mice expressing astrocytic MyD88. Some of the proteins downregulated by A4, were
linked with neuronal-related ontology terms, such as neuron projection, dendritic tree, and
synaptic vesicles. While this can partially explain the cognitive impairment caused by

AB4o in mice expressing astrocytic Myd88, it could not confirm the pathological driving
mechanisms. Similarly, our immunostaining data identified localized changes in the synaptic
proteins SYP and PSD95 in the hippocampal region, which may also be an underlying factor
in the observed weakening in the cognitive abilities caused by Apao.
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The limitations in our proteomic studies might have occurred because the acute effects

of AB4, depend more on localized changes in the hippocampus and less on whole-

brain proteomic changes. Furthermore, these changes could result from altered protein
function instead of the overall expression. Finally, the underlying molecular processes
triggering synaptic toxicity and cognitive impairment could be more prominent at earlier
stages following AP42 administration. Supporting the latter, we showed previously that
intracerebroventricular injection of Ap4g causes the activation of protein kinases and
NF-xB, and the expression of inflammatory proteins tumor necrosis factor-a (TNF-a),
inducible nitric oxide synthase (iNOS), and cyclooxygenase-2 (COX-2) within a few hours
of treatment. Moreover, these changes trigger synaptic and cognitive deficits but subside
earlier than their appearance in the mouse brain (Medeiros et al., 2010; Medeiros et al.,
2007). More specifically to the temporal response of astrocytes to toxic stimuli, Hasel and
colleagues revealed through transcriptomic analysis of purified cells that astrocytes undergo
a rapid pro-inflammatory transition within 24 h post-systemic lipopolysaccharide injection
in mice (Hasel et al., 2021). Hence, it is plausible that A4, stimulates the signaling of
astrocytic MyD88 at an earlier stage, which then drives the brain’s molecular changes that
culminate in the loss of synapses and subsequent cognitive impairment. We propose that
microdissection of regions of interest instead of bulk hemibrain tissue and collection of
tissues at intermediated time points post AP, injection will likely deepen molecular insights
in future proteomic studies involving this model.

Regarding the molecular function of MyD88 in astrocytes, we found that the genetic
deletion of MyD88 from astrocytes altered the basal proteomic signature of the brain
without causing apparent changes in hippocampal neuronal density and structure (/.¢.,

NeuN and MAP2), as well as in learning and memory functions. The use of omics
approaches in mouse studies has only recently emerged, and thus, limited information
regarding the inadvertent impact of genetic manipulation in the mouse background is
available. Changes caused by MyD88 genetic manipulation could be attributed to still poorly
understood genetic compensation mechanisms, including variants of MyD88 signaling

by other intracellular adapters such as TIR-domain-containing adapter-inducing interferon-
B (TRIF), Toll/interleukin-1 receptor domain-containing adapter protein (TIRAP), and
translocating chain-associated membrane protein (TRAM) (El-Brolosy & Stainier, 2017,
Schroeder et al., 2021). Another explanation is alterations occurring during the development
of the central nervous system. Because GFAP is expressed by neural progenitor cells
(NPCs), nascent neurons, and type 1 neural stem cells, GFAP-Cre mouse lines might display
changes in gene expression in neurons (Guttenplan & Liddelow, 2019). However, in our
model, while astrocytes were negative to MyD88, the overall MyD88 immunodetection was
not altered, suggesting marginal off-target effects, and supporting astrocytes as the primary
target regulated by the GFAP promoter (Supplementary figure 1d). Moreover, mice lacking
MyD88 are viable, and they did not show alteration in learning and memory behavior
compared to wild-type mice in AD-related studies (Michaud et al., 2011; Quan et al., 2021,
Weitz et al., 2014). However, Schroeder and colleagues recently performed comprehensive
behavioral and brain morphological investigations in mice lacking MyD88 where they
found that MyD88-deficient mice displayed increased density of cortical neurons, microglia,
and proliferating cell numbers compared to wild-type mice (Schroeder et al., 2021).
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Of note, we investigated whether Ibal*-microglia in the hippocampus were affected by
astrocytic MyD88 deletion and AB4, treatment, and we found no differences among all
groups (data not shown). Besides brain morphologic changes, Myd88-deficient mice showed
decreased locomotor activity and increased anxiety-like behavior (Schroeder et al., 2021). In
comparison, we did not observe equivalent behavioral changes in our animals. Importantly,
Schroeder and colleagues have also shown that MyD88-deficient mice displayed typical
day/light activity and learned slowly but exhibited satisfactory short- and long-term spatial
memory abilities (Schroeder et al., 2021). Hence, it is possible that MyD88 participates in
developing the brain structure and that activation of astrocytic MyD88 could have a lesser
role in this process. Although noteworthy, putative developmental changes associated with
MyD88 expression are out of the scope of our study, particularly since they did not seem to
affect cognitive functions more closely related to AD. However, it is essential to emphasize
that the assessment of our and other studies applying complete and cell-specific constitutive
knockdown strategies should contemplate these weaknesses carefully. To mitigate such
limitations, we propose to study AMYD* and AMYD= mice as independent cohorts due to their
distinctive proteomic background.

The proteomic differences between AB4,-treated AMYD+ and AMYD~ mice underscored

the intricacy caused by the distinct genotypic background. Although we identified

61 differentially expressed proteins, these proteins did not show ontology enrichment,
reinforcing that AMYD+ and AMYP= should be analyzed separately. In this regard, mice
lacking astrocytic MyD88 showed exciting proteomic changes in response to Apg4,. Proteins
upregulated in AB,,-treated AMYP~ mice compared to their PBS-treated counterparts were
ontologically associated with neuron projection and postsynaptic specialization. Another
fascinating finding was that AB4o-treated AMYD~ mice displayed lower steady-state levels of
proteins associated with the immune system and complement cascade, including GFAP,
ApoE, and complement C4b. Notably, ApoE and complement proteins are molecular
markers of the neurotoxic phenotype of astrocytes (Guttenplan et al., 2021; Hasel et

al., 2021; Liddelow et al., 2017). In addition, mice lacking astrocytic MyD88 showed
comparable ApoE and complement C3 colocalization with GFAP*-astrocytes following PBS
and AP treatment in the hippocampus. In contrast, mice expressing astrocytic MyD88
displayed higher levels of these proteins in response to AB4, compared to PBS.

Therefore, the distinct molecular background triggered by the presence or absence of
astrocytic MyD88 drives substantial distinction in how the brain reacts to ABg,. In response
to AB, the activation of astrocytic MyD88 resulted in lower proteins related to neuron
projection, dendritic tree, and synaptic vesicles, and it caused impairment of learning and
memory. In contrast, the lack of MyD88 seemed to have hampered the neurotoxic activation
of astrocytes and favored the response of this cell type with a phenotype that supports

the preservation of synaptic and cognitive functions. Remarkably, a study conditionally
activating astrocytic NF-xB downstream of MyD88 showed similar findings (Lian et al.,
2015b). Chronic activation of NF-xB in astrocytes prompted the release of complement
C3, which induced synaptic dysfunction and cognitive impairment in AD mice. Likewise,
studies in MyD88 knockout mice have shown that animals could not build a proper pro-
inflammatory response to different brain pathological stimuli (Babcock et al., 2008; Kielian
et al., 2007; Wang et al., 2009). While further validation will be required, ours and these
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other studies suggest that Ap triggers the activation of astrocytic receptors, such as TLRs
and interleukin receptors, that rely on MyD88 to signal intracellularly. Ap-induced MyD88
signaling next prompts the stimulation of transcriptional factor NF-xB and AP-1, which
regulate the production of immune signals and activation of the complement cascade that
finally facilitate the loss of synaptic integrity and impairment of cognitive abilities.

Our results provide new biological insights into the role of astrocytic MyD88 in AD. We
demonstrated that MyD88 is associated with hypertrophic astrocytes nearby amyloid plaques
and NFTs. Although we did not fully identify the underlying pathological mechanisms, we
found that deletion of astrocytic MyD88 mitigates the pathological impact of ARy, favoring
the preservation of synaptic structure and cognitive function.
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Main Points:
MyD88 is upregulated in astrocytes in Alzheimer’s disease.

Deletion of MyD88 in astrocytes protects against B-amyloid-induced synaptic
toxicity and cognitive impairment in mice.
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Figure 1 —. The increased expression of astrocyte markers and MyD88 in AD.
Transcriptomic data was obtained in the TCX and CBL from postmortem human non-AD

(N) and AD subjects obtained from the MayoPilot RNAseq dataset (AD Knowledge Portal
ID: syn5550404). (a-c) Normalized expression of (a) GFAP, (b) ALDHI1L 1, and (c) MYD88
in the TCX of non-AD and AD brains. (d-f) Normalized expression of (d) GFAP, (e)
ALDHIL1, and (f) MYD&8in the CBL of non-AD and AD brains. Data presented as
z-score + SD. Data were analyzed through an unpaired Student’s t-test, with a confidence
level of 95%. ***P < 0.001; ****P < 0.0001. (g,h) Linear regression and Pearson correlation
analyses between (g) MYD88and GFAPand (h) MYD88and ALDHIL 1 inthe TCX.
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Figure 2 —. Astrocytic expression of MyD88 correlates with AD pathology.
In silico analysis of single-cell transcriptomic data from subjects with no AD pathology

(N), mid-level AD pathology (EAD), and high-level AD pathology (LAD). Expression

of MyD88 in isolated (a) astrocytes, (b) microglia, (c) excitatory neurons, (d) inhibitory
neurons, and (e) oligodendrocyte precursor cells (OPCs). Data are normalized to no
pathology group. N.D. indicates not detected. GFAP, but not MYD88, is among the DEGs
(Mathys et al., 2019). Please see Supplementary Table 1 for complete statistical data.
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Figure 3 —. Astrocytic MyD88 clusters near amyloid plaques and NFTSs.
(a) Representative western blots and quantification of GFAP and MyD88 protein levels

in the HPC, TCX, and CBL of non-AD (N) and AD subjects. Samples were normalized

to actin. Data are presented as z-score £ SD. (b) Representative photomicrographs of
immunofluorescence staining of GFAP (green), tau (red), and Ap (magenta) in non-AD
and AD human hippocampal sections. (c) Representative photomicrographs of GFAP and
MyD88 immunohistochemical staining in non-AD and AD human hippocampal sections.
(d) Representative photomicrographs displaying GFAP (red), Ibal (blue), MyD88 (green),
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and merged immunofluorescence in non-AD and AD human hippocampal sections. Larger
panels represent the colocalization of MyD88 with GFAP*-astrocytes or Ibal*-microglia.
(e,f) Quantification of MyD88 colocalizing with (e) GFAP*-astrocytes and (f) Ibal*-
microglia in non-AD and AD brains. The percentage of colocalization was calculated based
on the amount of MyD88*-glial* over the total glial immunostaining. Data were analyzed
through an unpaired Student’s t-test, with a confidence level of 95%. *P < 0.05; **P < 0.01.
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Figure 4 —. Loss of astrocytic MyD88 abrogates cognitive deficits induced by Af4».
AMYD+ and AMYD= mice were treated with PBS or AB4y. (a,b) Latencies (a) to find the

submerged platform and (b) in the correct quadrant in the Morris water maze (MWM). (c)
Freezing time in the contextual fear conditioning (CFC). (d) Distance traveled and (e) speed
of swimming in the Morris water maze. (f,g) The number of (f) square crossings and ()
rearing behavior in the open field (OF). Data are presented as the mean + SD. Statistical
evaluation was performed using a two-way analysis of variance (ANOVA), followed by
Tukey’s multiple comparisons test. *P < 0.05; ***P < 0.001; ****P < 0.0001.
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Figure 5 —. Deletion of astrocytic Myd88 protects against AB4o-induced synaptic toxicity.
(a) Representative photomicrographs of NeuN, MAP2, SYP, and PSD95 immunoreactivity

in the hippocampal CA1 and CA3 subregions of PBS- and AB,,-treated AMYP* and AMYD-
mice. (b,c) NeuN levels in the hippocampal (b) CA1 and (c) CA3. (d,e) MAP2 levels in the
hippocampal (d) CA1 and (e) CA3. (f,g) SYP levels in the hippocampal (f) CA1 and ()
CA3. (h,i) PSD95 levels in the hippocampal (h) CAl and (i) CA3. Data are presented as

the mean + SD. Statistical evaluation was performed using a two-way ANOVA, followed by
Tukey’s multiple comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 6 —. Astrocytic MyD88 deletion alters the mouse brain proteome.
Volcano plot of targeted pairwise expression analysis between (a) PBS-treated AMYP* and

AMYD- mige, (c) ABao-treated AMYP* and AMYD= mice, (d) PBS- and ApB4o-treated AMYD*
mice, and (f) PBS- and ApB4o-treated AMYD~ mice. Enrichment of ontology terms in proteins
expressed at higher levels on (b) PBS-treated AMYD+ mice versus PBS-treated AMYD-

mice, (e) PBS-treated versus Ap4o-treated AMYD* mice, (g) PBS-treated versus AB4o-treated
AMYD= migce, and (h) ABa,-treated versus PBS-treated AMYD~ mice.
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Figure 7 —. Astrocytic MyD88 deletion reduces astrocyte reactivity to AB4» in the hippocampus.
(a) Representative photomicrographs of S100b and GFAP immunostaining in the

hippocampal CA1 and CA3 subregions of PBS and AB4,-treated AMYD+ and AMYDP~ mice,
(b,c) Quantification of S100b immunoreactivity in (b) CA1 and (c) CA3 subregions of the
hippocampus. (d,e) Quantification of GFAP immunoreactivity in the (d) CAl and (e) CA3
subregions of the hippocampus. (f) Representative photomicrographs of GFAP (green) and
ApoE (red) immunoreactivity in the hippocampal CA1 subregion. (g,h) Quantification of
colocalization between (g) GFAP and ApoE, and (h) GFAP and complement C3 in the
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CAL subregion of the hippocampus. (i) Representative photomicrographs of GFAP (green)
and complement C3 (red) immunoreactivity in the hippocampal CA1 subregion. Orthogonal
analysis confirming colocalization of GFAP and complement C3. Data are presented as
mean + SD. Statistical evaluation was performed using a two-way ANOVA, followed by
Tukey’s multiple comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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