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Genetic, clinical, biochemical and histochemical data indate a crucial involvement of
in ammation in Alzheimer's disease (AD), but harnessing thimmune system to cure or
prevent AD has so far proven dif cult. Clarifying the cellal heterogeneity and signaling
pathways associated with the presence of the AD hallmarks ka-amyloid and tau in

the brain, would help to identify potential targets for thexpy. While much attention has
been so far devoted to microglia and their homeostatic phagoytic activity, additional

cell types and immune functions might be affected in AD. Beyad microglia localized in
the brain parenchyma, additional antigen-presenting ce(APC) types might be affected
by beta-amyloid toxicity. Here, we investigated potentialmmunomodulatory properties
of oligomeric species of beta-amyloid-peptide (B) on microglia and putative APCs. We
performed a comprehensive characterization of time- and pology-dependent APC

and T-cell alterations in a model of AD-like brain beta-amgidosis, the APP-PS1-dE9
mouse model. We show that the deposition of rst beta-amylail plaques is accompanied

by a signi cant reduction in MHC class Il surface levels on tain APCs. Furthermore,
taking advantage of customizedin vitro systems and RNAseq, we demonstrate that a
preparation containing various forms of oligomeric B1-42 inhibits antigen presentation
by altering the transcription of key immune mediators in dedfritic cells. These results
suggest that, beyond their neurotoxic effects, certain ajjomeric Ab forms can act

as immunomodulatory agents on cerebral APCs and interfere ith brain antigen
presentation. Impaired brain immune surveillance might bene of the factors that

facilitate A and tau spreading in AD.

id-beta (A b) 1-42, microglia, CNS border-associated
liferation

Keywords: Alzheimer's Disease, antigen presentation, amylo
macrophages, CNS dendritic cells, T-cell activation and pro

INTRODUCTION

Alzheimer's disease (AD) is a neurodegenerative diseagegto progressive loss of cognitive
and memory functions, ultimately resulting in dementia gyome. AD brains present with the
accumulation of beta-amyloid plaques composed of aggregadarbtoxic beta-amyloid peptide
(Ab) and neuro brillary tangles of abnormally phosphorylated tawof&in (1). Genetic evidence
has unequivocally identi ed immune pathways as key drivefrAD susceptibility ). In fact,
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several neuroin ammatory changes in the phenotype andnodels with robust beta-amyloid deposition. Second, to prove a
functionality of immune cells occur in AD 3). Prominent direct e ect of beta-amyloid on APCs, we usedvitro assays
examples are microglia, the innate resident immune cells aff antigen presentation with primary DCs to test the immune-
the brain parenchyma. Microglia migrate toward beta-amyloidaltering properties of human recombinant oligomerib 8pecies.
plagues4), surround them and initiate in ammasome activation
(5), secretion of pro-in ammatory cytokines6( 7) as well as MATERIALS AND METHODS
upregulation of phagocytosis and antigen presentation-eelat
genes §). Being a crucial regulator of brain homeostasis, thelransgenic Animals
immune system could be an ideal target for treatment. HoweveAll mice were on a congenic C57BL/6J background. We
past attempts to inhibitg, 10) or harness{1) immune pathways used amyloid precursor protein (APP)-overexpressing
proved to be non-benecial in AD patients. Such clinical heterozygous Swedish/APP-PS1-dE9 mice (B6.Cg-Tg (APPswe,
failures underscore our yet incomplete understanding of the®SEN1dE9)85Dbo/J, termed “APP-PS1” throughout this
cellular heterogeneity and signaling pathways involved . A manuscript), co-expressing KM670/671NL-mutated chimeric
In particular, recent observations of a dural lymphatic syste mouse/human APP (the so-called Swedish mutation) and
(12, 13) as well as lymphatic vessels being the major out owexon9-deleted presenilin-1 (PS1-dE9) under the control of the
pathway for cerebrospinal uid (CSF}.{), indicate thatthe brain mouse prion protein promoter8). Within each experimental
might be e ectively connected with secondary lymphoid organgyroup, equal numbers of genotypes (APP-PS1 transgenic vs.
and subjected to immune surveillance, with a variety of CN& a age-matched, non-transgenic littermate controls) and dgga
blood-derived immune cells involved §). were distributed. The covariate 'gender' had no e ect on age-
Brain immune surveillance relies on antigen-speci ¢ memoryand genotype-analysis. Heterozygous T-cell receptor temsg
T-cells, which monitor the CNS by circulating through CSF-B6.Cg-Tg(TcraTcrb)425Cbn/J mice (termed “OT-1I" throumlt
lled compartments, searching for their cognate antigenicthis manuscript) expressing a T-cell receptor speci ¢ for chitk
material presented on antigen-presenting cells (APCs) vi@ma ovalbumin (OVA) in the context of MHC-II 29 were used as
histocompatibility complexes (MHC class | or Il). ProfessibnaT-cell source for antigen presentation assays. Non-tramsge
APCs with high surface MHC class Il (MHC-II) expression C57BL/6J mice were used as source for bone marrow-derived
are normally absent from brain parenchyma, but presenprogenitor cells for antigen presentation assays. The mice we
in CSF-lled compartments, including leptomeningeal andkeptunder OHB-conditions ona 12 h light, 12 h dark cycle. Food
choroid plexus dendritic cells (DCs)1{) as well as non- andwaterwere providead libitum. All animal experiments were
parenchymal macrophages at CNS boundaries (perivasculapproved by the Swiss cantonal veterinary o ce (Canton Zurich
spaces, leptomeninges and choroid plexus)).( However, license numbers 145/2014 and 064/2017). This manuscript
parenchymal APCs such as microglia can up-regulate MHC-ladheres to the ARRIVE guidelines.
surface levels after activatiofd). Reactivation of T-cells upon
detection of cognate antigens presented by APCs licenses thdVlouse Tissue Extraction
for parenchyma accesd9) and leads to downstream e ector Mice were deeply anesthetized via ketamine-xylazine (ke@mi
functions. T cell e ects vary according to the CNS milieu,20 mg/ml; xylazine: 2 mg/ml) injection at 1f1 per gram
ranging from homeostatic regulation of neurogenesis, reaho bodyweight, followed by transcardial perfusion for 2 min with
of pathogens and cancer cells, to synaptic pruning and neuronabld phosphate bu ered saline (PBS). After complete drainage
toxicity (20-23). Alterations of immune surveillance are closelyof blood circulation, brains were immediately extracteddan
linked to brain pathology Z4) but their role in AD is not brain regions of interest were dissected. For these expatsne
fully elucidated 25). In the context of AD, impaired immune we used only the cerebrum, i.e., the brain without cerelpellu
surveillance might lead to immune evasion df Aggregates and and olfactory bulbs. Control tissues such as spleen and riradjui
uncontrolled plaque deposition. Indeed, it has been shown thdymph nodes were extracted and analyzed in order to exclude
mice lacking MHC-II harbor increased beta-amyloid plaqued an systemic e ects of APP overexpression in APP-PS1 animals.
in ammation (26). On the other hand, overt immune activation Animal organs were only included if no apparently pathological
of patrolling T-cells might cause neuronal toxicity. symptoms were observed during the organ extraction (such as
In a previous study, we have shown that late-stagabnormally increased spleen as sign of an ongoing infection,
beta-amyloid accumulation in aged transgenic mouse models or tumors).
AD-like cerebral beta-amyloidosis is accompanied by reduce
MHC-II expression per single APC and by reduced frequencyHistology and Thio avin-S Staining
of T-cells secreting pro-in ammatory cytokines IgNand TNFa  Cerebrum hemispheres were xed in 4% (w/v) paraformaldehyde
(27). These results suggested that beta-amyloid aggregation(PFA) in 0.1 M phosphate bu er for 24 h at € and subsequently
associated with impaired brain immune surveillance, potélytia transferred into a 30% (w/v) sucrose solution in 0.1 M phosphate
via inhibitory e ects on APCs. bu er for 72 h at 4 C (cryoprotection). Hemispheres were cut at
Here, we explored the immunomodulatory e ects ofbA 20 C into 40mm-thick coronal slices with a sliding microtome
ex vivoand in vitro. First, we de ned the precise temporal (Microm HM 450, Thermo Scienti c). Slices were cryo-protette
relationship between beta-amyloid accumulation and MHC-Ilin 37.5% (w/v) sucrose and 37.5% (v/v) ethylene glycol in 0.1 M
expression as well as T-cell alterations by using transgeoitse  phosphate bu er and stored at20 C.
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Free- oating slices were rinsed with distilled water for Byn  generated by mashing and Itering through 16€n nylon
followed by a treatment in 1% (w/v) Thio avin-S (T1892, Sigln meshes (BD Biosciences). After one centrifugation at 350
solution in 50% (v/v) ethanol for 5min at room temperature. g for 10 min at 4C, pellets were resuspended in 35% (v/v)
After washing steps in 50% (v/v) ethanol (22 min), distilled Percoll (GE Healthcare Life Sciences, max. density: 1.185 g/
water (1 2min) and PBS (1 5min), slices were mounted on in HBSS (without Mg® and C&C, Gibco, Thermo Scienti c)
microscope slides. and centrifuged at 29,000 g for 30 min at 4C (LYNX 4000

Via uorescence microscopy (microscope: DM4000B, Leicagentrifuge, Sorvall, Thermo Scienti ¢) with SS-34 rotoh€rmo
and ImageJ imaging analysis software (version 1.52d, witBcientic). Separated myelin layer was aspirated and aqueous
Fiji plugin package, National Institutes of Health, USA) wemononuclear cell phase was collected. Single cell suspensions
quanti ed Thio avin-S-positive beta-amyloid plaques in area  were re Itered through 70nmm nylon meshes (BD Biosciences)
of 470  700mm (0.33 mn?) in the cortex or in the CA1 region and washed in HBSS (without Mg and C&C).

of anterior hippocampus.
Generation of Spleen Mononuclear Single Cell

Brain Tissue Homogenization Suspensions
Prefrontal cortices from one hemisphere were dissectedpleens were minced in RPMI-1640 (Gibco, Thermo Scienti c)
immediately snap frozen in liquid nitrogen and stored atC 2% (v/v) FBS (Gibco, Thermo Scienti ¢, heat-inactivateadl a

80 C. In a rst step, frozen prefrontal cortices were weigheddigested with 56ng/ml DNase | (Roche) at room temperature for
and homogenized in a 10-fold wet weight amount of TBS30 min. Digestion was stopped on ice and single cell suspensions
(Tris-bu ered saline: 150 mM NaCl, 100mM Tris, pH 80  were generated by mashing and ltering through 18® nylon
Complete Protease Inhibitor Cocktail, Roche Diagnosticg)gis meshes (BD Biosciences). After one centrifugation at 350
a 1ml Dounce glass homogenizer with tight-tting pestle.g for 10 min at 4C, pellets were resuspended in ammonium-
Homogenates were centrifuged at 100,00@ for 1 h at 4C.  chloride-potassium lysis bu er (ACK bu er: 150 mM NECI,
TBS-soluble supernatants were collected and stored@tC 10 mM KHCO;z, 0.1 mM NaEDTA, pH 7.4, all chemicals from
(termed “TBS-soluble fraction” throughout this manuscjipt Sigma) and incubated for 4 min on ice in order to lyse splenic
The pellets were re-homogenized in TBS containing 2% (w/v@rythrocytes. Single cell suspensions were washed in HBSS
sodium dodecy! sulfate (SDS) and centrifuged at 100,009  (without Mg?® and C&%) C 2% (v/v) FBS (heat-inactivated),
for 1h at 8C. SDS-soluble supernatants were collected angk Itered through 70mm nylon meshes (BD Biosciences) and
stored at 80 C (termed “SDS-soluble fraction” throughout washed again in HBSS (without ¥fg and C&C) C 2% (v/v)
this manuscript). The pellets were resuspended in 70% (VABBS (heat-inactivated).
formic acid, twice sonicated on ice for 30s and centrifuged a
100,000 g for 30 min at 4C. Formic acid-soluble supernatants Generation of Mononuclear Single Cell Suspensions
were collected, lyophilized and reconstituted in sample ditue From Lymph Nodes
of Ab detection assay (termed “Formic acid-soluble fraction”lnguinal lymph nodes were mashed and Itered throughrit

throughout this manuscript). nylon meshes (BD Biosciences). Single cell suspensions were
_ _ washed in HBSS (without M§ and C&C) C 2% (v/v) FBS
Meso Scale Discovery (MSD) Analysis (heat-inactivated) by centrifugation at 350g for 10 min at C.

Levels of A1-38, A1-40, and Al1-42 were measured in all

homogenate fractions of hemispheric prefrontal corticesgsi Flow Cytometry

electrochemiluminescence assays (96-well MultiSpot Humagiyeloid Cell Panel

6E10 A Triplex Assay, MSD) according to the manufacturerssingle cell suspensions deriving from brain and spleen tissue
instructions. Samples were diluted to t an internabATriplex  \ere incubated for 30 min at € in Zombie Aqua live/dead

standard curve. Plates were analyzed on a MSD SECTQRclusion dye (1:1000 from stock in HBSS (without ¥g
Imager 600 plate reader and MSD DISCOVERY WORKBENCHnd C#°), LIVE/DEAD™ Fixable Aqua Dead Cell Stain

software (Version 3.0.17, MESO SCALE DIAGNOSTICjt, Molecular Probes, Thermo Scientic). Next, cells were

LLC) with Data Analysis Toolbox was used to calculatgyashed in FACS bu er (2% (v/v) FBS (heat-inactivated), 5 mM
sample concentrations by comparing them against the internatpta, 0.01% (v/v) Nah) and resuspended in Fc receptor
standard curve. blocking antibodies (1:20 from stock in FACS bu er, anti-mssu

CD16/32 TruStain fcX, Biolegend). After 5min incubation,

Smgle Cell Suspensions for Flow cells were treated with antibody master mix for surface

Cytometric Analysis marker staining and incubated for 15min at @, followed
Generation of Brain Mononuclear Single Cell by a last wash in FACS bu er. For myeloid cells (microglia,
Suspensions dendritic cells, macrophages) we used the following uoropor

Brain hemispheres were minced into small pieces with scalpet®njugated antibodies against surface markers: PE-Cy#i5 a
and digested with 2 mg/ml Collagenase D (Roche) anddgnl  CD45 (clone 30-F11, eBioscience, Thermo Scienti c), PE-Cy
DNase | (Roche) in HBSS (with Mg and C&C, Gibco, anti-CD11b (clone M1/70, eBioscience, Thermo Scienti dpQG\
Thermo Scienti c) for 30 min at 37C on a magnetic stirrer. anti-CD11c (clone N418, BioLegend), Alexa Fluor 488 anti®H
Digestion was stopped on ice and single cell suspensions weglass Il (clone M5/114.15.2, Biolegend).
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T-Cell Panel system. Mature BM-DCs were treated with chicken OVA (Sigma)
In order to amplify intracellular cytokine production, single or OVA 323-339 fragment (AnaSpec) for 2 h at 87and 5% CQ.
cell suspensions generated from brain and lymph nodes were
restimulated with 50 ng/ml PMA (Sigma),ig/ml lonomycin  BM-DC and OT-1I T-Cell Co-incubation
(Sigma) and Brefeldin A (1:1000 from stock, GolgiPlugOT-II T-cells were puried from spleens of OT-II transgenic
BD Biosciences) in RPMI-1640 containing 10% (v/v) FB®nice. Single cell suspensions were generated as descries ab
(heat-inactivated) for 4h at 3. After restimulation, cells and CD4AC T-cells were separated via magnetic bead-mediated
were washed, stained with live/dead exclusion dye, blockedkpletion of non-CDL£ cells according to manufacturer's
and surface antibody-labeled as described above. Forld-cehstructions (MACS “untouched” CD@ T-cell Isolation Kit,
we used the following uorophore-conjugated antibodiesMiltenyi Biotec). OVA-antigen-presenting BM-DCs were
against surface markers: PE-Cy5.5 anti-CD45 (clone 30-Fldo-incubated with CDZ OT-Il T-cells for 40h at 37C and
eBioscience, Thermo Scientic), PE-Cy7 anti-CD11b (clon&% CQ. In order to analyze the OVA-speci c T-cell response,
M1/70, eBioscience, Thermo Scientic), APC anti-TIER the cell culture supernatant containing CD40T-Il T-cells
(clone H57-597, BioLegend), APC-Cy7 anti-CD4 (clonewas harvested, re-stimulated and stained for surface mauds
GK1.5, BioLegend), Alexa Fluor 700 anti-GD&lone 53-6.7, described above for “T-cell panels.” For intracellular Stagnve
eBioscience, Thermo Scientic). For intracellular cytokin used the following uorophore-conjugated antibodies: eFluo
staining, cells were xed and permeabilized according to150 anti-IFNy (clone XMG1.2, eBioscience, Thermo Scienti c),
manufacturer's instructions (Fixation/Permeabilizatioand PE-eFluor 610 anti-ki67 (clone SolAl5, eBioscience, Therm
Permeabilization Buer, eBioscience, Thermo Scientic).Scienti c). T-cells were acquired and analyzed via ow cy#iry.
Cells were incubated with antibody master mix for cytokineAfter removing the T-cell suspension, adherent layer of BM-DCs
staining in 1x Permeabilization bu er for 30min at €. We was mildly removed by incubating the cells for 10 min with
used the following uorophore-conjugated antibodies agdin 3mM EDTA in HBSS (without M& and C&°) on ice. BM-
intracellular markers: eFluor 450 anti-IgN(clone XMG1.2, DCs were analyzed via ow cytometry; we used the following
eBioscience, Thermo Scienti ¢), FITC anti-TlKclone MP6-  uorophore-conjugated antibodies against surface markers
XT22, eBioscience, Thermo Scienti c), PE anti-FoxP3 (elonPE-Cy5.5 anti-CD45 (clone 30-F11, eBioscience, Thermo
FJK-16s, eBioscience, Thermo Scienti c), APC anti-IL-16rfe  Scientic), PE-Cy7 anti-CD11b (clone M1/70, eBioscience,
JES5-16E3, eBioscience, Thermo Scienti c). Thermo Scienti c), APC anti-CD11c (clone N418, BioLegend)
For brain-derived samples we used counting beads in order tBE anti-MHC class Il (clone M5/114.15.2, Biolegend), FITC
determine absolute cell numbers (AccuCheck Counting Beadanti-CD80 (clone 16-10A1, eBioscience, Thermo Scientic)
Thermo Scienti ¢). Fluorescence-minus-one (FMO) sampleAPC-Cy7 anti-CD86 (clone GL-1, BioLegend).
were included as negative controls. Cells were acquired on a
16-channel LSR Il Fortessa ow cytometer (BD Biosciencespligomeric A b1-42 Preparation and Treatment
FlowJo (Version 10.0.8, FLOWJO LLC) software was used foWe used commercially available human recombinartl A2
ow cytometry data analysis. peptide and scrambled (scr) control peptide [Beta-Amyloid (1—
42), Ultra Pure, TFA and Beta-Amyloid (1-42), Scrambled,
TFA; from rPeptide]. The following scrambled peptide sequence

In VItro An“gen_Pr_esentatlon Assays _ was used in all experiments: KVKGLIDGAHIGDLVYEFMDSN-
Extraction and Cultivation of Bone Marrow Progenitor SAIFREGVGAGHVHVAQVEF. Throughout the experiments,
Cells Abl-42 peptide and scrambled peptide were processed in

Bone marrow-derived progenitor cells were isolated fromdesn  exactly the same way. Lyophilized peptides (1 mg vials) were
tibiae and hip bones of non-transgenic C57BL/6J mice adogrd reconstituted in 200m hexa uoroisopropanol (HFIP, Sigma),

to established protocols3(). Progenitor cells were cultivated in spiit into 20 m aliquots (each 100ng peptide), re-lyophilized
RPMI-1640 with 10% (v/v) FBS (heat-inactivated), GlutaMAXand stored at 80 C. Oligomeric A1-42 species were obtained
supplement (1:100 from stock, Gibco, Thermo Scienti c)n®®  according to established protocol$2. Stored monomeric
b-mercaptoethanol (Sigma) and 200 U/ml murine Granulocytepeptide aliquots (100mg) were reconstituted in dimethyl
Macrophage Colony-Stimulating Factor (GM-CSF, PeproTechyy|foxide (DMSO, Gibco, Thermo Scienti c) at 5mM, sonicated
at 0.2 Mio. cells/ml. After 9 days of incubation at &and 5% for 10min, diluted in sterile PBS (Gibco, Thermo Scienti c)
COy, progenitor cells completely di erentiated into immature 3t 100mM and incubated for 24h at £ in an Eppendorf

bone marrow-derived dendritic cells (BM-DCs). tube shaker (300 rpm). Bigger aggregates were excluded by
centrifugation at 19,000 g for 20 min at 4C (Centrifuge 5417R,
BM-DC Maturation and Antigen Presentation Eppendorf). SDS-PAGE (precast Novex 10-20% tris-glycine gels,

Antigen presentation assays were carried out, with minod.0mm 10 well, Invitrogen, Thermo Scientic) and silver
adaptations, as previously describ8d)( Maturation of BM-DCs  staining according to standard protocols con rmed oligorizer
was achieved by an 18 h LPS-treatment at 100 ng/ml followed tsate Figure S4. For silver staining, in brief, gels were xed for
an up-regulation of antigen presentation markers such as MHC30 min in xing solution (40% (v/v) ethanol, 10% (v/v) acetcid
1. For speci c induction of MHC-1l —dependent T-cell activatn ~ in H,0). Fixation was continued with fresh xing solution for up
we employed an OVA-inducible OT-II transgenic T-cell reparte to 18 h. Fixed gels were washed ip®ifor 5 min and incubated in
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sensitizing solution (in HO: 0.16 mM sodium thiosulfate, Sigma) comparing the proportion of dierentially expressed genes

for 2 min. After 3 washes in kD, gels were treated with staining among all genes assigned to the GO term with all other genes,

solution (in HoO: 2.6 mM silver nitrate and 1:100 dilution of and by sorting all genes lprvalue as well as testing if the genes

37% (w/v) formaldehyde solution, all chemicals from Sigmagssigned to a particular GO term are enriched at the top or

for 35min, followed by another 3 washes inp®. Eventually, the bottom of this ranking. All analyses were run in R (versio

gels were placed in developer solution (in®t 30 MM sodium  3.4.4). The top 10 GO terms of each category (Biologicaldasc

carbonate, 0.2 mM sodium thiosulfate and 1:240 dilution 8#3 Cellular Compartment and Molecular Function) for each BM-

(w/v) formaldehyde solution, all chemicals from Sigma) andDC treatment comparison were listed based on the assigned

development was stopped after 10 min with 3% (v/v) acetic acig-value. The overall 30 top GO hits from each comparison were

in H>0. grouped using a Venn diagram to identify GO terms speci cally
During antigen presentation assays, BM-DCs were treateenriched in each individual BM-DC treatment comparison.

with 2, 0.5 or 0.IMM oligomeric Ab1-42 or scr peptide control o o )

on day 8 of the cultivation process prior LPS-maturatiob1s42 — Reverse Transcription and Quantitative Real-Time

oligomer treatment of BM-DCs was started in an immature statd’CR

considering A oligomer-formation as initial event contributing Selected genes of interest were analyzed for their relative

to in ammatory activation of local brain APCs. A replenishnten €xpression changes using quantitative Real-Time PCR (qPCR).

of Ab1-42 oligomers followed in parallel with co-incubation of First, reverse transcription was performed in 2@ reaction

OT-1l T-cells. mixture containing 1 mg of RNA, 1x PCR buer, 5mM
MgCI2, 10 mM of each dNTP, 0.623 oligo dTye, 1.875mM
Amylin Preparation and Treatment random hexamers, 20 U RNase inhibitor and 50 U MuLV reverse

Aggregated Amylin controls were produced using humantranscriptase (Life Technologies). The cycles for the sever
synthetic Amylin1-37 (Amylin (human) tri uoroacetate dal transcription were set as follows: Z5for 10 min, 42C for 1 h,
Bachem). Aggregation was achieved by incubation for 24 h @&bllowed by 99C for 5 min. The resulting cDNA was ampli ed
37 C in an Eppendorf tube shaker (300 rpm). Low-molecularin duplicate by gPCR in 1@ reaction mixture with 200 nM of
aggregation state was con rmed by SDS-PAGE and silveristrin each speci ¢ primer Table S14 and 1x Fast Syber Green qPCR
according to standard protocols. Amylin treatment was @ri  MasterMix (Life Technologies). The ampli cation reaction sva

out as described for oligomerichA-42. performed with QuantStudio 7 Flex (Applied Biosystems, Life
. Technologies). The ampli cation program was set as follows:
RNA Isolation 95 C for 5min, followed by 40 cycles at 95 for 10s, 60C

Total RNA was extracted using the GenElute Mammaliaror 155, 72C for 20 s Gapdhand Rplp2served as housekeeping
TotalRNA Kit (Sigma). The RNA concentration was measuregyenes and their ampli cation data were averaged and used for

using RNA HS Assay kit (Thermo Fisher Scienti ¢) and RNAsample normalization. Excel (Microsoft O ce) was used for the
integrity was analyzed with the Qubit RNA 1Q Assay (Thermocomparative guanti cation analysis.

Fisher Scienti c).

_ Statistical Analysis
RNA Sequencing (RNAseq) We used GraphPad Prism analysis software for statistical
RNA  sequencing servicevas provided by the Next testing (Version 8.21, GraphPad Software). We applied one-
Generation Sequencing (NGS) platform at the Universityyay ANOVA with Bonferroni'spost hodest for comparison of
of Bern, Switzerland. more than two experimental groups. We performed two-way
ANOVA with Bonferroni'spost hodest for multiple comparisons

L|b.rary Preparation and Sequenc;lng . of experimental groups in uenced by two di erent independent
A library of mRNA sense transcripts was prepared using th?/ariables. Data are shown as mearstandard deviation (SD).

TruSeq Stranded mRNA kit (lllumina). RNAseq was performe%or Pearson's correlation we calculated Pearson coe cieartd

'T" smgle r?rids of 100bp Iengtz :Jsmg IIIumlrlla der?SOt?] ested thep-value via two-tailed testing. For gPCR data, we
(llumina). € raw sequence dala were uploaded 1o pplied multiplet-test analysis with Holm-Sidagost hodest.

public repository NCBI-GEO and are available via accessiog. . . . . . .
numberGSE136789 glgm cance was considered@& 0.05 if not otherwise speci ed.

Quality Control and Data Analysis RESULTS

After quality control of RNAseq data (for more detail see ) . .
Supplementary Material and Method} the reads were mapped APP-PS1 Mice Show Predictable and

to the mouse reference genome. We tested for di erential gend IMe-Dependent Plaque and A b-Oligomer
expression between the experimental groups. The log-foldgsnan Accumulation

of each gene was adjusted to include the evidence based lorder to analyze the impact of beta-amyloid pathology on
which the log-fold change was estimated and to extrapolage thAPCs and T-cells, we rst identi ed and characterized specic
adjustedp-value (adjp). Gene ontology (GO) enrichment analysistages of beta-amyloid disease progression in the APP-PS1
was performed to identify gene sets containing di erentiallytransgenic mouse model in our hands. Quantitative analysis
expressed genes. Genes were ranked within a GO term by Thio avin-S stained brain sections from cortefkigure 1A)
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FIGURE 1 | Characterization of cerebral plague load and B species in the APP-PS1 transgenic mouse model(A) Representative images of Thio avin-S staining of
coronal sections from APP-PS1 transgenic (tg) mice at diffent ages. First occasional plaques are observed at 6 monthsf age in cortex and anterior hippocampus
(white arrows). Diffuse staining in corpus callosum and oér white matter bundles is non-speci c, as it is observed in no-tg mice as well. Scale barD 0.8 mm. Yellow
box (0.33 mn?) shows area used for quanti cation.(B) Quantitative analysis of plaque load in the cortex shows pgressively increased beta-amyloid plaque numbers
with age. Only signi cant differences between pre-plaque sige (3 m) and other plaque pathology stages are shown(C) Schematic of identi ed stages of
(Continued)
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FIGURE 1 | beta-amyloid pathology progression in APP-PS1 tg mice(D) MSD-analysis of sequential protein extracts from prefroat cortex reveals that TBS and
SDS-soluble A1-42 species start to accumulate already at 8 months of age. Bch symbol represents data from one tg mouse. Only signi cantlifferences between
pre-plaque stage (3 m) and other plaque pathology stages arshown. 3m,nD 8;6m,nD 8;8m,nD 8; 14m, nD 8; 20m, n D 8. (Data are shown as mean SD,
*p < 0.05, ***p < 0.001, ***p < 0.0001, one-way ANOVA with Bonferroni's multiple comparians test).

and anterior hippocampusHigure SJ in terms of plaque load marker in microglia is not fully understood, thus we did naitg
revealed no detectable beta-amyloid deposits at 3 months &r CD11cC microglia cells.
age. Initial beta-amyloid deposition at 6 and 8 months of age By analyzing microglia and DC/M numbers and MHC-II
was followed by established plaque pathology in brains of 14xpression via ow cytometry, we observed signi cantly fegh
and 20-months old APP-PS1 transgenic animafsggre 1B~ absolute numbers of all APCs in brains of transgenic APP-
detailed list ofp-values inTables S£S4). Therefore, for the PS1 animals with established plaque pathology (14- and 20-
subsequent analyses we de ned the following pathology stagenonths old) compared to age- and sex-matched non-transgenic
pre-plaque stage (3-months old), plaque onset stage (6-montfittermates Figure 2B). This was paralleled by an increase in
old), early plaque pathology (8-months old) and establishediumbers of MHC-IIC APCs in transgenic brains, starting at 14
plague pathology (14- and 18—-20-months olB)gure 10. Since months of ageFigure 20). In non-transgenic brains, only a few
oligomers of A& have been shown to be the most neurotoxicMHC-11 C APCs were observed; we have previously shown that
species and can occur also before overt plaque depositign ( these cells tend to localize in perivascular spaces, meniages
we applied MSD assay to analyze the oligometiccAntent of  choroid plexus 27).
protein extracts from prefrontal cortex of APP-PS1 transgeni  In order to analyze MHC-II surface expression levels per cell
mice at dierent disease stage&igure 1D, detailed list of we examined the median uorescence intensity (MedianFl) of
p-values inTables S5S13. Indeed, both TBS-soluble and SDS-MHC-II ( Figure 2D). Notably, DC/M), even though existing in
soluble A1-42 fractions (which are enriched inbfoligomers)  small numbers, showed higher levels (about 4x higher inayey
increased signi cantly already at 8 months of age. of baseline surface MHC-II expression per cell compared to
These results indicate that neurotoxic oligomeri®lA42 microglia, as expected based on their more e cient antigen
species start accumulating in the APP-PS1 model alreadylgit eapresentation capability. However, in contrast to the overall
plaque pathology stage. Having de ned the temporal progressioimcreasing absolute number of cerebral MH@Glkells in beta-
of beta-amyloid pathology in transgenic mice, we proceededmyloid pathology-burdened brains, we observed a reduction i
to examine which beta-amyloid variant would elicit APC andsurface MHC-II expression per cell on microglia and DGM
T-cell alterations. in APP-PS1 transgenic mice. This e ect was already obsernved a
8 months of age, corresponding to the earliest accumulation o
oligomeric Ab1-42 speciesHigure 1D). Indeed, an inverse and

Reduction of MHC-II Surface Expression signi cant correlation was found between the MedianFI lavel
P ; of MHC-Il and highly amyloidogenic SDS- and formic acid-

on CNS APCs Coincides With Early Plaque soluble A1-42 species, but not TBS-soluble forms. Mice having

Pathology the highest levels of aggregateillA42 had the lowest expression

In previous studies we found decreased surface expression &f ¢ rface MHC-II on the surface of their APCSigure 2E
MHC-II molecules on brain APCs in both the APP-PS1 andrjgyre S24. No e ects on surface MHC-Il were seen in spleen-
the ArcAb transgenic mouse model at 24 months of agé)( yerived DCs from APP-PS1 transgenic animafig(re S2B,
representing an established plaque pathology stage. In th°§ﬁggestingabrain-speci ceect

studies, however, the exact onset of APC alterations durétg- These results suggest that the appearance of amyloidogenic

amyloid pathology progression was not addressed. In particulayjigomeric Ab1-42 species a ects the numbers and phenotype of
it was not clear, whether the alterations were late eventsiply  ,,5in APCs.

secondary to other pathological processes, or if they werieesli
by speci ¢ A aggregation states.

To clarify this, we used ow cytometry to analyze surfacePT0-IN @ammatory Effector T-Cell Response
MHC-II levels on CNS-resident APCs, including leptomeninigeals Reduced in Late-Stage Plaque Pathology
and choroid plexus DCs, CNS border-associated macrophagBext, we analyzed whole-brain T-cells from all pathology esag
(MO0) and microglia in APP-PS1 transgenic mice. Myeloid cell®f APP-PS1 transgenic mice via ow cytometry in terms of
from mononuclear cell extracts were identi ed via CD45 andabsolute numbers and e ector responses. We selected all non-
CD11b expressionFjgure 2A) and further di erentiated into  myeloid cells (CD46 CD11b-), used a marker against the T-cell
microglia with intermediate (int) CD45 expression (CD45int receptor beta chain (TAB as T-cell identi er and characterized
CD11KkC) and CD45 high (hi) other myeloid cells (CD45hi CD4C helper T-cells and cytotoxic CI8 T-cells separately
CD11KC) (18). CD45hi CD11l myeloid cells were additionally (Figure 3A).
gated for CD11c, in order to selelsbna deDCs and M) with In this study, absolute CD@ and CD& T-cell numbers in
potent T-cell-stimulating activity. Several microglia sets can brains of APP-PS1 transgenic mice did not diverge compared
express CD11c as well4). However, the functional role of this to non-transgenic littermates in any disease stage of this

Frontiers in Immunology | www.frontiersin.org 7 June 2020 | Volume 11 | Article 1029


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Gericke et al.

Amyloid-Beta(1-42) Oligomers Inhibit Antigen Presentatio

A
myeloid cells
MHC-II+ cells FMO
! 2]
= o] MHC-I MHCHI
8
Othermysloid cells | _Jy Microglia g N Microglia
Other myeloid cells 3
< CD11c+ APCs 0l MHC-I MHCHI Denditic cel
endritic cells
? S
&
ol 0 | Macrophages
< (Mo)
Q
@D
a
CD1ic—>
B . .
Microglia counts DC / Mg counts
500,000 e 30,000 n—s‘
@ = - © non-tg
é 400,000 A 25,000 A e
3 300,000 ns. ° % i ns. £
£ 500000] 2. & ns. ns. o Y| Sh e A o
3 @ } 5h R~ : é 10,000 § ns. = t*
£100,0001 o g % & f A 5,000 %S S ; §
o - - - - - 0
3m 6m 8m 14m 20m 3m 6m 8m 14m 20m
(& . .
MHC-I1+ Microglia counts MHC-II+ DC / Mg counts
80,0007 20,000 *
7] ey _A © non-tg
é 60,0001 a 15,000 4y
3 KkEK
o 40,0001 — 10,000
= 4 2en
8 200000 o ns  Ds % 5000{ &=  ns  ns. f‘ o
° O_AMJMM 2 B4 24 2 B
3m 6m 8m 14m 20m 3m 6m 8m 14m 20m
D . .
Surface MHC-II Microglia Surface MHC-II DC / Mo
30,0007 . 120,000
— N O non-tg
25,0001 © 100,000 o i g
o n.s. _— kel
% 20,0004 ns. RN ) 8ooooy ne. @ R
5 150001 o 4 % aa % % N 60000 — - o g == %
S 1o000] B B4 % i c8 woo]®d TH L2,
5,000 N » 20,000 ﬁ ;
o o
3m 6m 8m 14m 20m 3m 6m 8m 14m 20m
E .
Correlation : Surface MHC-Il DC/M¢ vs. AB1-42 levels
TBS SDS Formic acid
— 80,000 80,000
T A A A
S FaoN r=-028 600001 444 r=-033 60,000 r=-059
? 44 p=0.086 *p<0.05 ****p <0.0001
= T 40,00054 40,000
= a 4 A 4 s VN A
© 20,0001 4 4r & A 20,000 A p A 20,000 A, AdkA
I A A A
s
04 04
5 10 15 20 25 0 1,000 2,000 3,000 0 5000 10,000 15,000
Abetal-42 [pg/mg wet tissue] Abetal-42 [pg/mg wet tissue] Abeta1-42 [pg/mg wet tissue]
FIGURE 2 | Alterations in MHC class Il surface expression on APCs in brai of APP-PS1 transgenic mice(A) Schematic of ow cytometry analysis of cerebral APCs.
Myeloid cells (CD4%, CD11bC) are gated based on CD45 levels to distinguish “microgliaCD45 intermediate, int) and “other myeloid cells” (CD45 hig hi). Dendritic
cells (DC) and CNS border-associated macrophages (B) are gated from “other myeloid cells” based on CD11c expresgsn O DC/M0). FMOD uorescence minus
one control. Numbers in gates indicate percent cells of panetal gate. (B) Absolute numbers of microglia and DC/N0 are elevated in brains of APP-PS1 tg mice at
established plaque pathology stages (14 and 20 months of agecompared to non-tg, age-matched animals.(C) Analysis of surface MHC class Il (MHC-II) expression
(Continued)
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FIGURE 2 | on microglia and DC/M). Numbers of MHC-IIC microglia and DC/MD are increased in tg brains starting at 14 months of age(D) In contrast, surface
MHC-I1I expression per cell (measured by median uorescence tensity D MedianFl), is reduced in cells derived from tg animals, stang at 8 months of age in both
microglia and DC/MD. Each symbol represents data from one mouse. 3mn D 8 (non-tg),n D 6 (tg); 6m,n D 8 (non-tg),n D 8 (tg); 8m,n D 5 (non-tg),n D 7 (tg);
14m, n D 10 (non-tg),n D 10 (tg); 20m,n D 7 (non-tg),n D 12 (tg). (Data are shown as mean SD, *p < 0.05, **p < 0.01, **p < 0.001, **p < 0.0001, n.s. D
non-signi cant, two-way ANOVA with Bonferroni's multiple omparisons test).(E) Correlation of A1-42 species with cerebral MHC-II surface levels. Insoluble
amyloidogenic A species signi cantly correlate with reduced MHC-II surface epression on DC/MD. Each symbol represents data from one tg mouser(D 37). Each
graph uses the same data on surface MHC-II (in MedianFl) in cetation with respective A& species concentration (Pearson's correlation, Pearson cef cient r
indicates negative correlation, two-tailed p-value testig).

model (Figure 3B). As also previously shown, CE8T-cells Successful antigen presentation of OVA toward OT-Il D4

are the predominant T-cell population observed in brains, andr-cells was measured by analyzing intracellulardf¥oduction

baseline numbers of CZland CD& T-cells are increased in (as marker of T-cell activation) and intranuclear ki67 exggien

aged mouse brains2{). Moreover, we have already reported (as marker of T-cell proliferation) via ow cytometry. In the

that CNS-in ltrating CD8C T cells in APP-transgenic mice presence of LPS-matured BM-DCs, we observed an expected

do not speci cally co-localize with either neurons, micriagl increase in the frequency of IEN and ki67-producing T-cells

or astrocytes, and are only loosely related to beta-amyloifFigures 4BC). T-cell activation and proliferation was antigen-

plaques 27). speci ¢ and did not occur in the absence of OVA, nor if non-
The expression of signature cytokines was used to de ngansgenic CDZ T-cells were used instead of OVA-specic

specic T-cell subtypes. For the pro-inammatory T-cell OT-1l CD4C T-cells.

spectrum we analyzed vesicle-stored cytokines such agdrdar In order to test the e ect of A on antigen presentation, we

gamma (IFNy) and tumor necrosis factor alpha (TNl via added a preparation of aggregated human recombinabi-A

ow cytometry. Furthermore, in order to monitor tolerogenic 42 containing various forms of oligomer&igure S4 in doses

T-cell phenotypes, we used interleukin-10 (IL-10) as sigreatu ranging from 0.1 to 2rM to the antigen presentation assays

cytokine of anti-in ammatory Th2-cells and transcriptioaétor ~ (Figure 4D). This dose range was chosen as it mimics the A

FoxP3 for regulatory T-cells. While tolerogenic T-cells eemed  oligomer concentration reported in human AD brain85) and

unchanged Figure S3A, we observed alterations in pro- is widely used in A peptide-relatedn vitro studies 86). We

in ammatory IFNg- and TNFa-expressing T-cells in established found that Ab1-42 oligomers signi cantly reduced the frequency

plague pathology stages for APP-PS1 transgenic mice. V¢ IFNgC (Figure 4B as well as ki6€ OT-Il CD4C T-cells

noticed a reduced frequency of Iighproducing CD& T-cells (Figure 4F as compared to untreated control cells and cells

at 18-20 months of ageFigure 3Q and a decrease in the treated with non-aggregating scrambled (scr) control pegstide

proportion of TNFa-secreting CD€ and CD& T-cells starting These inhibitory e ects on T-cell activation and proliferati

at 14 months of age in APP-PS1 transgenic aninfilgure 3D).  were dose-dependent and not observed with scr control peptide.

None of these e ects were observed in inguinal lymph node-

derived CDL or CD8C T-cells Figure S3B, suggesting a T-Cell Inhibition Is Driven by

brain-speci ¢, amyloid precursor protein (APP)- and presin#i Beta—Amonid-Speci c Effects on

(PS1)-independent e ect. Antigen-Presenting BM-DCs

. Taken together, our results con rm that the freque_ncy of pro'Hatving observed an inhibitory e ect of B on the induction

in ammatory IFNg/TNFa-expressing e ector T-cells is reduced of T-cell activation and proliferation in the context dh

in bralnj with ﬁStaf?l'Shﬁd betat-)amylo:jd |c|)athollogy. fg\‘% th vitro antigen presentation, we aimed at characterizing the
occurred months after the rst observed alterations o S mechanisms. First, we investigated whether the e ect was

8 months of age, impaired T-cell responses might be seconda/%l_42 sequence-dependent, or simply due to amyloidogenic

to APCs'inhibition. capacity of a peptide. We therefore applied human Amylini-
. . . . 37, the major component of protein deposits found in the islets
Ab1-42 Oligomers Inhibit Antigen-Speci ¢ of Langerhans in patients with noninsulin-dependent diabetes
CDA4C T-Cell Responses in vitro mellitus. Aggregated Amylin1-37 at dierent doses (2, 0.5,
To test whether oligomeric forms oftA-42 could cause direct 0.1mM) had noin uence on IFNg responseKigure 4G nor ki67
and acute impairment of antigen presentation, we took advgata expressionkigure S5A of OT-1I CD4C T-cells. Based on those
of a well-establisheith vitro model (31) using lipopolysaccharide results, we conclude that the e ect obA-42 oligomers on APCs
(LPS)-matured murine primary bone marrow-derived dendriti is peptide sequence-speci c.
cells (BM-DCs) as prototypical APCs instead of cerebral Second, we tested whether the reduced activation of OT-II
microglia and DC/M). In this assay, full-length chicken CDA4C T-cells in our assays with#1-42 oligomers was due to
ovalbumin (OVA) was supplied as antigen, phagocytosed by BMa direct e ect on T-cells. To study this, we incubated OT-II
DCs, processed intracellularly and presented on their sarfége  CDA4C T-cells with Ab1-42 oligomers without antigen-presenting
MHC-II. In combination with OVA-specic OT-Il transgenic BM-DCs and analyzed activation and proliferation status of re-
CD4C T-cells as responders we set up inducible antigestimulated T-cells. The frequency of I§N (Figure 4H) and
presentation assayBigure 4A). ki67-producing cells Kigure S58 were unchanged following
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FIGURE 3 | Decrease of pro-in ammatory CDAC and CD8C effector T-cells in brains of aged APP-PS1 transgenic micgA) Schematic of ow cytometry analysis of
cerebral lymphoid cells derived from APP-PS1 mouse braing-cells (TCRC) are identi ed in lymphoid cell population (CD4€&, CD11b-) and subdivided into CDAL
T-helper cells and CD& cytotoxic T-cells. FMOD uorescence minus one control. Numbers in gates and quadrarg indicate percent cells of parental gate(B)
Baseline numbers of CD£ and CD8C T-cells increase during aging. However, no difference is aterved between non-tg and APP-PS1 tg animals(C,D) Flow
cytometry analysis of intracellular pro-in ammatory IFt and TNFa-content reveals(C) decreased frequency of IFNg-producing CD8C T-cells at 18—20 months of
age and (D) reduced frequency of TNR-secreting CD4C and CD8C T-cells starting at 14 months of age in APP-PS1 tg animals. Edn symbol represents data from
one mouse. 3m,n D 5 (non-tg),n D 5 (tg); 6m,n D 7 (non-tg),n D 9 (tg); 8m,n D 8 (non-tg),n D 7 (tg); 14 m,n D 9 (non-tg),n D 7 (tg); 18-20 m,n D 6 (non-tg),

n D 8 (tg). (Data are shown as mean SD, *p < 0.05, **p < 0.01, n.s. D non-signi cant, two-way ANOVA with Bonferroni's multiple @mparisons test).

Ab1-42 oligomer treatment. Furthermore, the apoptosis-marke(Figure S5G. These results indicate thatbA-42 oligomers
AnnexinV in combination with a dead cell staining (“Zomb)e” might not act on T-cells directly, but most probably exert thei
revealed no overt toxic e ect of #-42 oligomers on T-cells action on antigen-presenting BM-DCs.
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FIGURE 4 | Reduction of ovalbumin (OVA)-speci ¢ OT-1I T-cell responseflowing Ab1-42 oligomer treatment. (A) Schematic of in vitro antigen presentation assays.
LPS-matured bone marrow-derived dendritic cells (BM-DCsprocess full-length ovalbumin (OVA) and present antigenimaterial. OVA-speci ¢ OT-1l tg CDA T-cells
are added to the BM-DCs and co-incubated for 40 h. IFNg and ki67 are analyzed in harvested T-cells via ow cytometryamarkers of T-cell activation and
proliferation, respectively. Full activation (more IJC cells)(B) and proliferation (more ki6 T cells)(C) of T-cells speci cally requires the presence of mature BM-D&
(treated with LPS) and OVA-derived antigens. T-cell actitian is antigen-speci ¢ and does not occur in the absence of O, nor if non-tg CD4C T-cells are used
instead of OVA-speci c OT-Il CDA T-cells. (D) The effect of A is tested by incubating immature BM-DCs with human recombiant Ab1-42 (ocligomeric state) or
(Continued)
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FIGURE 4 | scrambled (scr) control.(E,F) Recombinant Ab1-42 oligomers, but not scr peptide, signi cantly inhibit Teell activation and proliferation by reducing the
frequency of IFNJC (E) and ki67C (F) OT-1l CDAC T-cells in a dose-dependent manner(G) Human aggregated Amylin1-37 has no effect on IFY response. (H)
Incubation of OT-Il CDL T-cells with Ab1-42 oligomers but without antigen-presenting BM-DCs doesnot affect IFNg response. Representative results of at least 3
independent experiments are shown in each graphn D 2 per treatment condition in each experiment. (Data are showas mean SD, *p < 0.05, **p < 0.01, **p <
0.001, ***p < 0.0001, n.s. D non-signi cant, one-way ANOVA).

Inhibitory Effects of Human Oligomeric further analyzed CD80 and CD86 expression on BM-DCs.

Beta-Amyloid on APCs Are Independent of Treatment with A1-42 oligomers (but not scr peptide) increased
; _ ; _ ; CD80C/CD86C BM-DC frequenciesKigures 5E,G and surface
Antigen-Processing and -Presenting expression of CD80 and CD86 compared to only LPS-stimulated

Machlnery . cells Figures 5F,H.
After exclusion of direct e ects on T-cells, we focused onlA Thus, reduced antigen presentatiam vitro following Abl-

42-medi_ated € ects on BM'_DCS to i”VGS“Qate the mechanismg, oligomer exposure cannot be ascribed to interference with
responsible for reduced antigen presentation. First, we @Bély jniraceliular antigen processing nor to a reduction of suefac
the viability of Ab1-42 oligomer-treated BM-DCs. No changes inypcoii or co-stimulatory factors. These ndings suggest

viability were observed for BM-DCs treated with 2 or 01 ot more complex mechanisms underlie beta-amyloid-induced
Abl-42 oligomers compared to cells treated with M scr o4 ction of antigen presentation by APCs.

peptide or untreated mature BM-DC#&igure S5H, suggesting
a speci ¢ action of A1-42 oligomers on BM-DC function. . .

Next, we aimed at dening the exact stage at whichAP1-42 Oligomers Alter Gene Expression of
antigen presentation is a ected. In fact, antigen presentatio Key Immune Mediators in BM-DCs
on MHC-II surface molecules is preceded by a series dDur in vitro setup of antigen-presenting BM-DCs and T-cells
events including phagocytosis of antigens, enzymatic tiiges showed that antigen presentation was impaired in BM-DCs
and peptide fragmentation in phagolysosomal/late endosomateated with A1-42 oligomers, but expression of surface
compartments, as well as MHC-II loading mechanisms andHC-II and related co-stimulatory factors remained intact.
transport for stable integration into the plasma membraneHence, we speculated that aggregatedl rAight a ect BM-
(37). We investigated whether the inhibitory e ect ofbA- DC gene expression of single genes or entire gene sets
42 oligomers on APCs was due to an interference with théhat might be involved in antigen presentation or mediate
intracellular antigen-processing machinery of BM-DCs. Tstte the observed inhibitory e ect. To obtain an unbiased view
this, we repeated the assay using O323-33%ragment, a small of gene regulation following B1-42 oligomer treatment, we
antigenic peptide fragment of OVA that contains the QD4 set up antigen presentation assays as described previously
T-cell epitope. This fragment binds directly to surface MHG@ill  (Figure 6A) and examined BM-DC gene transcription via
APCs, without being processed intracellularly. Indeed, (328- explorative RNA sequencing. We analyzed the transcriptome
339fragment sparked similar antigen-speci ¢ and inducible OT-of untreated immature control BM-DCs (“Ctrl"), LPS-treated
Il T-cell activation and proliferation responseBigures S5C,[).  BM-DCs (“LPS"), A1-42 oligomer-treated BM-DCs (‘&) and
as seen for full-length OVA treatment. The addition of diete BM-DCs treated with A1-42 oligomers and LPS (WCLPS").
doses of A1-42 oligomers (2, 0.5, 0mM) (Figure 5A), but First, we used principal component analysis (PCA) to
not scr peptide Figure 5B), decreased the frequency of IEN visualize the 500 most variable genes of each experimental
producing OT-lIl CDAC T-cells in a dose-dependent manner. group for similarity assessmenFifure 6B). Triplicates from
Similar results were observed for kiB70T-Il CD4C T-cells the same experimental group clustered in close proximity in
(Figures S5E,F the PCA plot. As expected, LPS stimulation shifted BM-DC

T-cell responses to OVA23-33%ragment are dependent on gene expression; however, bottb-&keated groups (“A” and
pre-existing surface MHC-II moleculess®) (Figures S5C,[), “AbCLPS”), clustered separately from “Ctrl” and “LPS,” with
since intracellular processing and MHC-II loading aremuch higher variance. This result indicated a strong e echbf
circumvented. As oligomeric BAwas associated with reduced on transcriptional regulation of DCs, which di ers dramatital
levels of surface MHC-II in ouex vivoexperiments, we aimed at from that of LPS.
testing whether A would alter MHC-1I expression on BM-DCs. To further con rm the robustness of our assay, we checked the
Flow cytometric examination conrmed that LPS maturation expression changes of antigen presentation genes follovidsg L
induced a signi cant increase in the frequency of MHGGII activation Figure 6C). Antigen-presenting MHC-II is a subject
BM-DCs and surface expression of MHC-II, as expected. Wef tight transcriptional and post-translational regulatiddHC-
found that Abl-42 oligomer treatment (but not scr peptide) Il gene transcription is controlled by a master regulaton)exh
further elevated the frequency of MHC@lI BM-DCs, with  “class Il transactivator” (CIITA) 9. In DCs, CIITA as well as
no e ect on MHC-II surface expression, as compared to onlyMHC-II gene transcription itself are down-regulated followin
LPS-stimulated cell$-{gures 5C,D. maturation by LPS. Nevertheless, MHC-II protein surfaceleve

Since secondary signals provided by co-stimulatory surfagise upon LPS-maturation (as shownhigure 5D), since MHC-
molecules are required to induce e ective T-cell priming, well protein degradation is shut down as well in order to maintain
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FIGURE 5 | Inhibition of APCs by 41-42 oligomers in vitro without involvement of antigen-processing and -presentig apparatus. The effect of A1-42 oligomers on
antigen-processing was tested by using OVA 323-339, a fragrent that leads to robust OT-1l T-cell response without intragllular processing. Addition of A1-42
oligomers (A), but not scrambled (scr) peptide(B), inhibits T-cell activation in a dose-dependent manner, tficating that inhibitory effects of A1-42 oligomers are
independent of APCs' antigen-processing machinery(C) Flow cytometry analysis of surface MHC-II expression show$hat Ab1-42 oligomers (but not scr peptide)

increase MHC-IC BM-DC frequencies. (D) In comparison with LPS-matured BM-DCs, no changes in surfacéMHC-II expression per cell (median uorescent
(Continued)
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FIGURE 5 | intensity D MedianFl) is detectable after applying B1-42 oligomers to in vitro antigen presentation assays(E,G) Analysis of surface co-stimulatory factor
CDB80/CD86 expression shows that A1-42 oligomers (but not scr peptide) increase CD8C/CD86C BM-DC frequencies.(FH) In comparison with LPS-matured
BM-DCs, surface expression of CD80/CD86 per cell (measuredyMedianFl) is further increased after applyingbA-42 oligomers. Representative results of at least 3
independent experiments are shown in each graphn 2 per treatment condition in each experiment. (Data are showas mean SD, *p < 0.01, ***p < 0.001, ***p
< 0.0001, n.s. D non-signi cant, one-way ANOVA).

FIGURE 6 | Gene expression alterations of key immune factors in dendic cells following A1-42 oligomer treatment. (A) Schematic of in vitro treatment of mouse
BM-DCs with 0.5mM Ab1-42 oligomers for 4 days in total, starting 1 day before LPSnduced maturation (“ACLPS” full setup). BM-DCs are harvested for
RNA-extraction and -sequencing.(B) Principal component analysis (PCA) of RNAseq data. Four cditions are tested: untreated BM-DCs (“Untreated’n D 3), LPS
stimulation only (“LPS”;n D 3), Ab stimulation only (“4”; n D 3) and Ab stimulation combined with LPS treatment (“ACLPS”; n D 3). (C,D) Volcano plots of RNAseq
data for “LPS vs. Untreated”(C) and “AbCLPS vs. LPS"(D) comparisons. Key genes involved in antigen presentation arhighlighted in green. Genes that are either
more than 3 folds up-regulated (violet) or down-regulatedcb{ue) in “ACLPS vs. LPS” are highlighted. Signi cance is set at adjg< 0.05. (E) Venn diagram groups GO
terms that are speci cally enriched in each individual BM-DGreatment comparison. 11 GO-terms are exclusively alterety Ab treatment of LPS-matured BM-DCs.
(F) Ab-induced gene expression changes within each of the 11 consiered GO terms compared to LPS-maturation only (“BCLPS vs. LPS” compared to “LPS vs.
Untreated”). Bar graph depicts ratio of genes affected by th presence of A over the total number of genes in the respective GO term. Genexpression switches are
color-coded and de ned as follows: (i) up-regulated (“up”; 6ld change > 1; adjp  0.05), (ii) down-regulated (“down”; fold change< 1; adjp 0.05) and (iii)
non-signi cant (“ns”; 1 fold change 1; adjp > 0.05).
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long-lived MHC-II/peptide complexes on the surfaee}42). As  from down- to up-regulation (includingFnl, Ednrb, CD226,
expected, LPS-treated BM-DCs, in comparison to “Ctrl” cellsandTmc3.
presented with down-regulation dfiita [log2(fold change)D To conrm the results, we selected 11 switcher genes

0.42, adjpD 6.44 10 6] and MHC Il-related genes such and veried their relative changes via regular qPCR. With
asH2-Ebl[log2(fc)D 0.51, adjpD 1.17 10 31, while co- the exception of Fyb2, we could conrm the direction of
stimulatory factors such aSd80were up-regulated [log2(fdp  the switch for all GOI. Importantly, we found a signi cant
C0.77, adj> 5.83 10 34. down-regulation of key immune modulators such as CCL8

Next, we examined the e ect oftf1-42 oligomer treatmenton and TNFSF18 Kigure S8B. These results suggest that the
LPS-matured BM-DCs in terms of antigen presentation-relategbrerequisites for proper antigen presentation might be impaired
gene transcription. By comparing BCLPS” vs. “LPS” samples on a transcriptional level due to changes in immune pathways
(Figure 6D), we found up-regulation o€iita [log2(fc)D C1.07, following Ab exposure in thisn vitro model.
adjp D 1.41 x 1037, MHC Il-related genes such ad2-Abl
[log2(fc) D C0.48, adjpD 3.52 10 24 and H2-Eb1[log2(fc)
D C0.69, adjiD 3.01 10 %), as well as co-stimulatory factors DISCUSSION
Cd80[log2(fc)D C0.88, adjD 4.03 10 *9 and Cd86[log2(fc)
D C0.95, adjpD 3.15 10 38]. Those results con rmed our Our data on antigen presentation inhibition in the presence of
previous ndings of higher cell numbers with surface MHC-II aggregated B species adds to the mounting body of genetic
and co-stimulatory factor expression afteb &eatmentin vitro.  and experimental evidence of beta-amyloid-induced immune
Nevertheless, thesebAreated BM-DCs present with reduced dysfunction in AD and AD models. In addition to the well-
antigen presentation capacity. studied AD pathology-related alterations in microglial plogype

In order to dissect alternative lAa ected pathways we and function @3 44), we provide new insights into beta-amyloid-
performed gene ontology (GO) enrichment analysis to detednduced alterations in APCs and T-cells, key players of brain
sets of genes that were di erentially regulated. The resglti immune surveillance.
GO terms were categorized in 3 domains: molecular function, Indeed, genome-wide association studies (GWAS) have
cellular component and biological process. We identi ed theshown a link between AD risk and gene variants related
top 10 GO terms for every gene expression comparison withito immune response in general and antigen presentation
each of the 3 categories BELPS” vs. “LPS” GO term ranks in particular. HLA loci have been consistently identied in
are depicted inFigure S§. Interestingly, amongst biological GWAS of AD risk, both in late 45 and early onset 46)
processes, treatment withbAnduced variance in the expression AD types. A systematic analysis of GWAS for AD pathology-
of immune-related genes, such as “cellular response to TR#” a associated pathways highlighted “MHC class Il receptor agtivit
“innate immune response,” indicating thatbAcan profoundly and “antigen processing and presentation” among the most
aect immune signaling of DCs. By comparing GO termssigni cantly over-represented GO termg).
across experimental groups, we found 11 GO terms that were The recent re-discovery of dural lymphatics using transgenic
speci cally and exclusively altered bybAreatment of LPS- reporter mice and advanceuh vivo imaging (L2, 13, 48 49
matured DCs, and did not appear in any other experimentahas shed novel light on immune pathways in neurodegeneration
group (Figure 6E detailed volcano plots irFigure SJ. We  The dural lymphatic system is thought to be among the major
applied a consecutive strategy for GO term analySigure S84  CSF e ux pathways toward cervical lymph nodes, together with
to further characterize these 11 GO terms by calculating théormerly described routes along the olfactory nerve throtigh
percentage of genes that signi cantly changed expressionigro cribriform plate and other cranial nerves@). The contribution
(“switchers”) in presence of Acompared to LPS-maturation of the di erent e ux routes is still a matter of debate. But ineel,
only (Figure 6F. Considering switched up-regulation, down- brain-derived solutes such as tau anth Aave been shown to
regulation and non-signi cant changes, we observed that upglrainto deep cervical lymph nodes supposedly via the glymphatic
to 18% of genes of interest were a ected by Wwithin GO  pathway and the above-mentioned CSF draining routds%2).
terms. Immune pathways such as “innate immune responsdh the deep cervical lymph nodes they can be processed and
and “cellular response to TNF” were highly represented ambnggresented by DCs in order to prime naive T-cells. In a possible
the Ab-specic gene expression changes. Within these GQcenario, A oligomers could drain to deep cervical lymph
terms, 2% of the genes of interest (GOI, 150 genes in totafjodes and induce activation of matching T-cells with reatti
switched completely expression prole from up- to down- toward beta-amyloid-derived epitopes. Those T-cells magirea
regulation (includingCclg8 Card14,and Tnfsf1§. Furthermore, the CSF via the choroid plexus or by crossing the blood-
2.7% of GOI switched from non-signi cant changes duringbrain-barrier (BBB), are reactivated by local APCs at thairbr
LPS-maturation to down-regulation uponbAtreatment (e.g., boundaries, are licensed to enter the parenchyma and promote
Ccl2 and Ccl?. Another strongly A-aected GO-term was phagocytosis of beta-amyloid-derived material via ¢Fidlease.
“Plasma membrane”-related GOI (1840 genes in total), whiclndeed, A-specic pro-in ammatory T-cells injected into the
showed a total change of 17.4% followingo Areatment cerebral ventricles have been shown to reduce beta-amyloid
compared to gene expression after LPS-induced maturation. Weaque burden in other APP and PSEN1 transgenic animal
observed 1% of GOI switching from up- to down-regulationmodels, including the APPPS1-253 and the 5XFAD 26)
(including Tnfsf18, Bdkrb2, Ltkand Fyb2 and 0.3% switching model. Speci cally in the latter model, a mechanism involving
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upregulation of MHC-II on microglia has been describezby, Our subsequenin vitro experiments were geared to clarify
Impaired brain APCs' function might block the reactivatioi o these points. By using a well-established assay of antigen
surveilling T-cells, thus leading to uncontrolledAleposition. presentation §1) we tested the hypothesis thatbAhas a

Here, we asked whetherbAcould directly a ect phenotype direct and acute e ect on antigen-presenting cells. We proved
and function of APCs. To answer this question, we usedhat acute treatment withn vitro produced A1-42 oligomers
both ex vivo and in vitro approaches.Ex vivg we took (but not amylin oligomers or the largely monomericbA-42
advantage of the reproducible and time-dependent accunaati scrambled control) can impair antigen presentation by acting
of human Ab in an APP-transgenic animal model to explore on DCs directly. Most probably, this e ect is caused by speci c
how beta-amyloid pathology would inuence immune cell conformational changes of A In fact, in vitro produced low-
phenotypes and numbers. While the APP-PS1 model, like atholecular weight (8—70 kDa) oligomeric structures di fxom
APP-transgenic mouse models, was not originally designed tauman AD brains have been shown to be most immune-reactive
address immunological questions, it has been widely usélden (35). However, our choice of control (scrambled control peptide)
eld to study the e ect of beta-amyloid pathology on a varietly o did not allow us to establish this speci cally. Overall, fugt in
cell types, including microgligbd). vitro studies using di erent well-characterizedb”aggregation

In this model, we observed that the rise of oligomeric,states and species would be needed to elucidate the exacsproce
amyloidogenic A1-42 species coincided with a reduced surfac&urprisingly, the e ect on APCs in this experimental vitro
MHC-II expression per cell in brain-derived APCBiQure 2D).  setting was independent on MHC-II surface levels, as opposed
In addition, the levels of surface MHC-II andb®oligomers were to what we observed iex vivoexperiments. We speculate that
inversely correlated, suggesting a direct lifiglure 2B). Lower the acute treatment used in the vitro experiments cannot fully
per-cell surface expression of MHC-I is typical of immature DCsrecapitulate then vivo setting, with continuous and prolonged
and indicative of low functionality42). Nevertheless, previous exposure to aggregatedoApecies for many months. It is very
reports have stated an overall increase of MHC-II protein inlikely that the chronic exposure to di erentl\aggregation forms
hippocampus of patients with mild to moderate AD comparedin vivoleads to further exhaustion of APCs, which is not re ected
to brains of non-demented controls5%). Those results are inthein vitro experiments.
consistent with our observation of increasing total nunmder In our search for a mechanism explaining the inhibitory e ect
of MHC-IIC cells in the brain during beta-amyloid pathology of Ab on DCs, we performed RNAseq analysis of oligomeric
progression FFigure 20Q). In fact, microglia have been shown to Ab-treated cells. We provide here the rst characterization of
migrate toward A plaques and surround them within 1-2 days Ab-induced e ects on immune gene expression in DCs. Our
of their formation @, 8). Moreover, both parenchymal microglia results indicate that Bis not overly toxic to DCs, but selectively
and CNS border-associated macrophages expressing MHC#tHrgets the transcription of genes related to a variety otitzll
have been found clustering around parenchymal and vasculdéunctions. We identi ed a number of genes in GO terms “innate
beta-amyloid depositions, respectiveh), However, it remains immune response” and “cellular response to TNF” that were
speculative if the cerebral immune system recruits addétion signi cantly altered by A oligomer treatment. Among these
MHC-IIC APCs to beta-amyloid-burdened sites, in order togenes, we observed a down-regulation of important chemakine
compensate for the reduced antigen presentation capacity stich as CCL8, a member of the monocyte chemoattractant
local APCs. protein (MCP) family, also known as MCP-2. Murine CCL8 acts

While APC alterations appeared as early as at 8 months @s a CCR1, CCR2b, CCR5, and CCR8 agofiist(l), attracting
age, alterations in T-cells were not apparent until 14 monthsegulatory T-cells, CD@ thymocytes, monocyte-derived DCs
of age Figure 3). The reduced frequency of pro-in ammatory and macrophages. Further downregulated chemokines ugon A
T-cells might represent a late e ect of dysfunctional braiigen  treatment were CCL2 (MCP-1) and CCL7. The role of CCL2,
presentation in aged APP-PS1 transgenic mice. Likewiségkitm the agonist of CCR2 receptors on monocytes and macrophages,
be possible that both e ects are unrelated. The causes of the a matter of debate in AD research. Some studies have found
observed MHC-II and T-cell alterations could be various, ago elevated protein levels of CCL2 in human AD brain tiss@g, (
them an accelerated aging phenotype of both immune cell type&3) suggesting it as a marker for AD severity. However, other
Nevertheless, whether the accumulation of di erent aggregia studies have shown that the CCL2/CCR2 axis might be impaired
Ab species mediates immune senescence in physiological ior AD pathology, thus preventing chemotaxis of monocyte-
pathological conditions remains to be elucidated. Moredveth  derived phagocytes to sites of beta-amyloid accumulatiaf. (
MHC-II levels and pro-in ammatory T-cell frequencies in late Importantly, another down-regulated gene whsfsf18(Tumor
disease stages might be also reduced because of direat ®oiic Necrosis Factor (Ligand) Superfamily, Member 18), expressing
of Ab or due to chronic antigenic stress leading to immunea cytokine that binds to glucocorticoid-induced TNFR-reldt
overreaction and exhaustioB {). Furthermore, chronically high receptor (GITR) and regulates multiple T-cell responses. As
levels of A have been shown to cause immune tolerance oco-stimulator it was shown to lower the threshold for T-cell
hypo-responsiveness tdepitopes in APP-transgenic micéd)  activation and T-cell proliferation 5. It is also involved
and given the early presence of cerebral amyloid angiopathig cell-adhesion by up-regulating the expression of VCAM-
(CAA) in our model (59), it is possible that A species, including 1 and ICAM-1 ©6), both involved in the formation of
oligomeric forms, might drain constantly into the periphery the immunological synapse between T-cells and APEJ. (
inducing long-term immune exhaustion. Unsurprisingly, the GO term “amyloid-beta binding” was also
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amongst the pathways a ected bybAlt is interesting to note data analysis is available online as R or Python packages
that an additional GO term profoundly impacted bybAwas (seeSupplementary Materials and Methods All other original
“extracellular exosome.” DC-derived exosomes have bemmrsh datasets are available from the corresponding author upon
to carry antigens and functional MHC peptide complexé8)( reasonable request.

It remains the possibility that B inhibits BM-DCs' antigen

presentation via changes in exosome composition and relea%.Tchs STATEMENT

Indeed, “plasma membrane” and “external side of plasma

membrane” were amongst the top 10 GO terms a ected iy A The animal study was reviewed and approved by Swiss cantonal

Itis also interesting to note that “myelin sheath” appeared a§eterinary o ce (Canton Zurich, license numbers 145/2014
one of the top 10 GO terms for cellular compartment. While 5,4 064/2017).

overall toxicity of A to oligodendrocytes has been described

(69, Ab-induced alterations in myelin sheath-related genes in

oligodendrocytes remains to be elucidated. AUTHOR CONTRIBUTIONS
In sum, we show here for the rst time that A a ects

gene expression in primary DCs, with a number of pathway: desianed th ) | oG and . dth
potentially responsible for reduced antigen presentatioivigt MF designed the experimental setup. and AM performed the

Further experiments will be required to establish the exac?xpenments: analyzed the data gnd co-wrote the mar_1uscr|pt._BE
contribution of each pathway to impaired antigen presentation and MF prov!ded conceptual assistance and substantively (1?V|se
In summary, we propose dysfunctional antigen presentatioﬁhe manuscript. All authors read and approved the manuscript.

and reduced T-cell activation as novel downstream elemehts

beta-amyloid pathology. The concept obAnediated reduced FUNDING

immune surveillance might have important implications.

In cancer, impaired antigen presentation, with consequenfhis work was supported by the Synapsis Foundation—
dysfunction of CNS-associated T-cell functions, leads té\lzheimer Research Switzerland (grant: 'Impaired immune
immune evasion and uncontrolled growth of neoplastic cellsurveillance in Alzheimers disease: studies on pre-clinical
(70). Similarly, in AD, impaired antigen presentation might transgenic models and patient-derived samples’). BE was
cause immune evasion of soluble amyloidogenic oligomersupported by the Fidelity Bermuda Foundation.

leading to beta-amyloid build-up and its downstream toici

As overt T-cell reaction to B and antibody-dependent ACKNOWLEDGMENTS

cellular cytotoxicity (ADCC) in vessels have been linked to
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should aim at moderately and selectively re-activate thants  invaluable guidance in experimental setup and interpretatio
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