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Abstract [N

Abstract

f 1T KSAYSNBREis hd m®t cdrBmon cause of dementia, affectimijlions of people
worldwide. Despite decades of research, development of mecharbssedADtreatments has been
highly difficultand fundamentalpathomechanisms remain poorly understadgbth development of
diseasemodifying treatments and underlying basic research heavily depend on model systems,
especially transgenic mic&herefore,drawbacksof these models, such as species differences or
incompleteness of phenotypes and pathologiesay contribute to the failure of drugs in human
patients.

Inducedpluripotent stem cell (iPSibased AD models enable investigation of pathomechanisms in
human, diseaserelevant brain cell typesand thus offer great potential for mechanistic and
translational studiesln addition, human iPSlkased models allow time course analysdsdisease
processesduring early and advanced AD pathogenesigruial time window where therapeutic
interventionsmay still be able to stop or even cure the diseddewever, current iPSED models

often showlow reproducibilityand cell typediversityand lack physiological human cetlell and cell

matrix contacts. In addition, thegypically onlyenable investigation of early pathologies including
SYyR2a2YlFt | oy2NXIf AGA Sdkhhllghdks such ahe@r@rdieyndzatibnard 2 y 6 dzi
widespread protein aggregation.

Therefore,the first aim of this thesis was théevelopment ofa reproducibleand controllableiPSE
basedcortical tissuanodelmade ofmultiple humanbrain cell typesn a3D environmentThe second
aim wasto characterize and validate iimodelon a cellular and functional leyednd finally aply it
to study AD pathogenesis and underlyiigeasemechanisms

To achieve these aimsve first adopted and optimizedprotocols to differentiate human iPSCs into
highly pure cultures of diseaselevant cortical neurons, astrocyteand microglia We then used
thesedifferentiated cell types t@enerate modular, 3@ortical brain tissue mode(3BTMs)y using

the selfaggregating potential of the cell§he resulting cultures display a dense and stable network of
mature neurites andhstrocytic processes that is tiled by ramified microglia. Further characterizations
demonstrate that 3BTMs are postmitotishow onlyminimallevels of cell death and no necrotic core
formation, and form a braidike ECM as well dsnctionalsynapses ovgtime. Incorporated microglia

are phagocytially active, surveil the environment and react to focal laser injuries-phton live cell
imaging.

To induce AD pathogenesis in our model system, we kndok&thergistic, Algausing APP mutations

into iIPSE using the CRISPR/Cas9 system. Waradyzingour AD knockin 3BTMs, we foundin
AYONBI SR ! ] A SONXB (A 2 y- andycBlitype-depend¥nt accumdiation >~ |
extracellular A = A y ONXE | -daf lBvelk i@ pbtedkia? microglial activatidio trigger latestage

phenotypes such as protein aggregation intofdaques, weappliedseeding approaches with mouse

brain lysate and recombinant, human 42. Seeding withsynthetic A 42 led to the formation of

plaguelike structures withsurrounding Tau pathologyndicating axonal dystrophgfter 1 month.

Altogether, we established a human 3D vitro model with several advantages over currently used
cultures regarding controllability, reproducibility, modularitand cell type diversityWe further
demonstrate the suitability of the model to investigate Al potentially other neurological diseases.
This new model system wifirovide a basis tadissect fundamental, potentially humeaspecific
pathomechanisms and enable the field to digeo novel therapeutic targets and develop and test
diseasemodifying compounds.
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1. Introduction

1.1. ' tT KSAYSNRA RA&SHAS

Clear thinking, remembering, and reasoning are at the core of human cognitive fuaciibrocial
interactions. Their lostherefore strongly interferes with daily life and social activitiaeddefines the
state called demential f T KSAYSNR& RA &SI a$S causebfllemeniiag affekiBy Y2 & G
around32 million people worldwidewith casenumbers projected toincreasedue to the aging of the
global society. This poses enormous personal, social, and economic burdensamiies, caretakers,
and societies. AD was first described by Alois Alzheimer in 19Ut despite decadesof research,
only symptomatic drugare currentlyapprovedfor the treatment of AD in Europdhese drugs may
temporarily relieve symptomisut do not target the underlying causes of the diseasd can therefore
only delay, but not prevent the progressive deterioration of cognitive functRectently, an antibody
based potentially diseasenodifying therapy wasconditionallyapprovedin the US butrefused in
Europe due to conflicting study results and subsequent unclear efficaoybined with high risk of
side effectssuch as brain swellings Accordingly there are no therapies availabtbat target the
underlying diseasenechanisms and no possibility halt or even cure the diseas®easondor this
includethe unique vulnerability of humans to Aandthe veryprotractedcourseof the diseae over
severalyears odecades$®. Thismpairsthe development of accurate disease modésding to a lack

of understanding ofthe underlying potentially humarspecificpathomechanismsin addition, the
different causes of AD are not yktlly understood, especially in the case®2 Ol f f SR & a LJ2 NI
(sAD that represent the majorityof casesWhile studies identified several factors increasing the risk
for SAD, the strongest one beinincreasing agé?®, there is likely an individually distinct, complex
interplay of genetic anénvironmental factors underlying theathogenesisHowevera small number

of casesfrobably<1 %) are caused bynonogeneticmutationsandtermed autosomal dominanAD
(ADAD) Interestingly, although the individual causes vary,résultingearly and laténistopathological
hallmarksare verysimilar in sAD andDAD case&'’. Thesehallmarks include aggregation afnyloic
beta (A ) peptide into extracellular plaques, aggregationT&u protein into intracellular tangles,
neuroinflammation andheurodegenerationKigurel).

Healthy brain tissue o AD brain tissue

- .
N : N Neurodegenerati{m Tau tangle
// k \
V5 Eiﬁ N

74 - | ' T
\ be/ “Activated" ! A plague
b, - microglia  "activated"

e astrocytes

FigurelY / 2 YLJ NRA a2y 2F KSIfiKeé | yR SHemakicShowiSghBuionsRyeldvd lastréeytes! 50 06 NJ
(blue) and microglia (green) in healthy brain tis¢leét) and AD brain(right). Note the significant atrophy of cortical regions

and enlargenent of ventricles in Alaffected brain. AEaffected brain tissuelisplaysamyloid beta (A) plaques, Tau tangles,

activated microglia and astrocytes causing neuroinflammation, and neurodegeneration.
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Assuming that the underlying pathomechanisms a®similar as the resulting pathologymost
research on generaD pathogenesis focuses on ADAA3 it can be modeled by the introduction of
known mutations into the respective genes of a model organism or cell.

1.1.1. Autosomaldominant AD and APP processing

The gnesaffected byADADmutationsare coding for amyloid precursor protein (APP), presenilin 1
(PSEN1pr presenilin 2 (PSEN2). APPtimasmembranerotein that is cleaved bglifferent proteases

to shed a variety of peptideacludingA (Figure2). Originally two cleavage pathways were described

with the firstcleavageperformed by either alpha'¢) secretasé! or beta ( -) secretasé?, starting the
non-amyloidogenic(non-A -producing) or amyloidogenic(A producing) pathway, and releasing

a2f dzo fBa !ltottshh ) tahd GG SNX A Yy | £ F NI 3 Y S fa$pedtivelp. Thie €ecand 2 NJ / ¢
series oftutsisthen performed bygamma(’ -) secretase, releasing eithttre p3 or amyloidbeta (A 0

peptidesas well asn APP intracellular domain (AICEpre recently, another processing pathway has

0SSy RSAONAOSRE a8ONBayaSodf SEPlIaS I yR GKS &aKSRR
SAGKENBRBEONBGlI asS Of SEhg AN IINBE § LB el @gdithg &rminal

FNI IAYSyida Oy iskcstbasedoProdddpSdr! 3 Geptidesas well as the AICBigure

2).

I N N N

a-secretase pathway B-secretase pathway n-secretase pathway
sAPPa SAPPB sAPPn
An-a An-B
n-secretase ' .
; [5 -secretase }<
a-secretase
p3 i ){
Il ; >{
Y- secretase ‘ ‘
CTFa CTFB APP CTFn
AICD
AICD AICD
J o\ 7 J

Figure2: Amyloid precursor protein (APP) processing pathwalsft: APP processing following the namyloidogenich -

secretase pathway yields soluble ARBARP") and Gterminal fragmenth (CTF) afterh -secretasecleavage CTF can then

further be processed by-secretase to produce p3 peptide and the APP intracellular domain (A@idlje: APP processing

following the amyloidogenid,-secretase pathway yields sSAPP I Yy R/ ¢ Ci | FaAISSOWXRIT ISa b 2/S¢ @ie OF y i
6 S LINE O SsedredaRe tdproduce amyloid 6 peptide as well as AICRight: APP processing following the

secretase pathway first yields CTahd SAPP.CTF OI' Y 6S LINPOS &R SRNBE | 85U AIBNR ASE R | 2 NI
[ I ¥ R respéc@viely. The CTFs canfbether LINE O S & dsé&cietase &s described abowdodified from Sasaguri

et al.14

PSENL1 or PSEN2 are the caialubunits of -secretasé®!®and thereforean essentiapart of this A

producing pathway Thishighlighs the importance of the pathwayin AD and ld to the amyloid

cascade hypothesis that places the accumulatod aggregation ofiA I & GKS AYyAGAL f ¥
pathogenesid’8 Both amyloidogenic and neamyloidogenigpathways are constitutively active in

the human brain'®?° and the resulting fragmentgperform important physiological functions, for

example in regulating synaptic transmission and network aci¥f The physiological raé®f A are

still not fully understood, but some studidsnt towards afunction in longterm potentiation and

hippocampusdependent memories®2?* as well as arantimicrobial function that is leveraging the

3
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oligomerization and aggregation potential of the peptide to bind, trap and thus neutralize pathogens

in the brair?>?% In ADthe A LJS LJibkriar8lyadggeegatingnto oligomers, fibrilandfinally dense

plaques that consist of a core bighly compacted, fibrilleAl & dzZNNR2 dzy RSR o6& | KI f 2
solublefibrils 2" and oligomers?®, As mantioned above, his accumulation and aggregation Af into

plaguesis one of the pathological hallmarks of AD dadetectableyearsto decadesefore cognitive
impairmentsoccur?®. This means that therapies targeting the aggregation procassh as antibody
therapies removingd accumulationsyould likely need to be started in thiery earlytime window

to be successfuHowever, A LJ | |j dz§ LJ (K2f 23& FRn2cBgaitive/dedline @2 NNEB £ |
patients* and it is hypothesizedhat plaques themselves are naecessarilytoxic, butmay be the

product of the brains attempts to compact and rendbe smaller,toxic species such asigomers™,

hamless®.

1.1.2. The complex role of microglia in AD pathogenesis

Recent studieproposethat microglia, the brains innate immune cells, perform fiistectivefunction

of compactionand engulfment ofA 3232 Thisalsoexplans histologicalfindings that show microglia
surroundingAl LJ 1P*ljikdz& darrier, and increased neuronal damage and loss if this barrier is
impaired %% again higlighting a protective role ofnicrogliain AD pathogenesisHowever, he
microglialresponseto amyloid pathologynaynot onlybe beneficial For example, it has been shown

recently that microglia which phagocytosed plaeassociatedN canfacilitate thespread of amyloid

pathologyby carryinghe LIK 32 02 G2aSR !'i &aSSRa I%IRadditlr, ®e¢ a Ay 3
microglial reactionis accompanied by a generakoliferation anddactivatiore of the cells called

microgliosis Jeadingeventuallyto a neuroinflammatory environment. Thisneuroinflammationis

another hallmark of AD and other neurodegenerative diseases and characterized for example by
increased secretion of primflammatory cytokine®y microglia®®. These cytokines can in turn activate
astrocytes*°, enhancing the inflammatory phenotype, and potentially leading to neuronal and
oligodendrocytic degeneratioff** (Figure3). In addition,studies in mice showetthat the continuous
YAONRItALE FOGAGIGAZY f SI Ra& reSuftinglinglosé & thkprottiveA 2 y £ 2
functions mentioned abov&*

), AB

Figure3: Simplified depiction of microglial rolein AD pathogenesisProtective functions of microglia (green) include 1)

dzZLJG 1S 27F i g KAOK Anduros 2yl tanfl lirteBactidniNRitR dz®dsyRes (@lde) and 2) barrier
F2NXIGA2Y 2F | OUAGFGSR YAONRBIEAIF ONBRO | NRdzyR !'i LX I 1jdzSa iz
1l aLISOAS&d o0 LT YA ONBnddamade andl HeyaNdralidids hassgedi 4) Acfivatedimictogliadaz vy S dz
have detrimental effects by excessive production of-prtammatory cytokines which 5) activate astrocytes that in turn

secrete toxic factors promoting neuronal degeneratibtodified from Hansen et af4.,
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The important role of microglia in AD is wrdcored by the fact that mosiDrisk genes found in
genomewide association studies amronglyexpressed by microglia in the brafh suggesting that

microglial function andeactionare central processes in the pathogenesis. One of the strongest risk

genes il NA 33 SNA Yy I NBOS LI 2 NI STREMPE 4 and iRhabgen yhovéhfthatA R OS¢
expression of the Aassociated variant TREM2 R47H leada TREMZnockoutlike transcriptanic

state®® & ¢Sttt | & AYLI A‘NBsRggeshny tHa tiedriar? cadses a BSE of fuhction

and impairs microglialeactivity. Thisin turn would indicate that microglial activation is1averall

protective process All theseresultstogether suggest a complex role of microghiaAD pathogenesis

that is not yet understood. The microglial activatistate, which under physiological conditions a

flexible balancehat is carefully controlled, may become imbalanceeither direction, i.e. hype or
hyperactivationpver the course of the diseas€his may again havambiguous consequences, either

promoting or inhibitingdisease progressigrdepending on theurrentcellstatex S ®3 @ o KS | f K
4 S E K| difie defidRvdranment e.g. plaqueassociated or no@and the disease stag€his intricate,

time- and environmerddependentinterplay makes it highly difficult to exploit the large therapeutic

potential of targeting microglial activatiomherefore, nore research is needed to understand the
mechanisms underlying and consequences of interferiitly this process.

1.1.3. Tau protein and neurofibrillary tangles

Another hallmark of AD are neurofibrillary tangleimtracellular proteinaggregaés made mainly of

Tau %2 a microtubule-associatedprotein encoded by the MAPT gene. By alternative splicing, six
different isoforms offaucan be produce® that differ in the number of a specific-tdrminal domain

(ON, 1N or 2N) as wedkthe number of repeat domains close to tha&@minus (3R with three repeat
domains or 4R with foQu(Figure4). In the fetal human brain, almost exclusively B&uis found,but

during the perinatal period there is a rapid shift in isoform expression, leading to a 3R to 4R ratio of
approximatelyl:1 in the adult human braitf. Tau is an intrinsically disordered protét°that under
physiological conditionss essential fomicrotubule dynamic$’ and important for axon elongation

and maturation®®%% maintaining DNA and RNA integrity under oxidative stf&¥sand regulation of

brain insulin signalinf. In AQ Tau getshyperphosphorylated® on various epitopese.g. Threonine

181, 217 and 23%karly in diseasand can serve asldood %45 or cerebrospinal fluicbiomarkert7®

of disease progressionBesides hyperphosphorylation Tau is mislocalizd from axonal to
somatadendritic compartmentg®”%, misfolds’>”3and adopts ahighly AD-specific, aggregation prone
conformation’, leading to accumulation dfoth the 3R and 4Roforms of theprotein and finallytheir
aggregation intoTautangles inside neuron® (Figure4). As with! i | 3 3 NBigdnoiiflly2 y A
understoodwhich Tauspecies confetoxicity, but it has been shown thamall oligomerid@auspecies

are toxic to neurong®, and that the ability to aggregate is required for toxidityitro 6.

Tau isoforms
- Tau oligomer Tau tangle formation
Ni N2

Tl e sl Tau monomer and neurodegeneration
e R1lR2 w3 R L 4R /..../ N

I N p N PR
ta [z - Hyperphosphorylated Tau aggregation

G [R1 k3 [Ra r 3R Tau o
[R1 R R4 ]

Figure4: Tau isoforms and pathogenic Tau aggregation pathwhgft: Depiction of the 6 Tau isoforms expressed in adult
human brain that differ in the number of antdrminal domain (N1/N2) and the number oft€minal repeat domains (R1
R4) leading to 3R and 4R isoformRight: In AD, Tau gets hyperphosphorylated and aggtes into oligomers and larger
fibrils, leading to the formation of Tau tangles inside neuronal cell bodies and neurodegeneration.
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1.1.4. Interactions between the different AD hallmarks

Ultimately, A LJt JnBudalfiammation and Tautangleslikely cause neurodegeneratiohut the
exact mechanisms connecting the different pathologied how they eventually lead to cell deathe
still under debate Tau tangle pathology correlates better with cortical atropHy, a sign of
neurodegenerationand general disease severggmpared to amyloid plaque$’ In addition, itwas
found that deletion ofTauin AD mouse models ameliorates plaque depositfpsynapse and neuron
loss as well as memory defictsOn the other handyariousstudies inmouse modelsuggesthat ! |
pathology strongly enhancesTau spreading and tauopathy phenotypes and increass
neurodegenerationin tauopathy model$§'®4 In addition, it has been shown thamallA oligomers
can cause hyperphosphorylation ofTau at ADrelevant epitopes® as well as somatodendritic
mislocalization®®. In humans, a neuroimaging studydicatesi K I &  oahdiTku pathology are
necessary for memory declirfé. Overall, these studis suggest that therenay bea bidirectional
NEBfl GA2yaKALI oS b HStylody promoyhelausipreddhg phospidtylationand
mislocalizationand with the resultinglau pathologyin turn enhancing! i pathology Interestingly,

histological studies of human nafemented and AD patient brains have shotinat ! | IT8UR
pathologies originate in distinct brain regions, and then spread, likely along axon tracts, to anatomically
connected regions throughout the braf#®® (Figure5)® ! i LJ G K2f 238 &adlF Nla Ay

cortexand then spreads heterogeneously into other isocortical and finally subcortical &®ashile
Tau tangles are first found in the transentorhinal cortex and hippocampal formation, only later
spreading into isocortical ared$ likely facilitated by th A pathology present ther&. Thissuggests
that there couldbe a time window, also called preclinical ADduring which diseaggrogressiormay
still be slowed orhalted. This may be achieved by removiogrtical amyloid pathologythereby
preventingthe spread ofTaupathology before they coincideand reinforce each othein isocortical
areas However, to achieve this or treat AD even at later stages, a deeper understanding of the
underlying pathomechanisms and interactions is required. Therefore, ever since these
histopathological hallmarks and the AD&Busing mutations were described, eescher aimed to
mimic AD pathologies in model systems to study the underlying mechanisms and find therapeutics to
modulate them.

AB pathology

_f i A

Tau pathology

g g < T#s

1 1
Preclinical AD MCI due to AD AD dementia

Figure5Y { LINBIF R 2F 1 i | y RTogA gathblbgy $a2td ir? a8soGation argas ih thedrortex and spreads
mainly to other isocortical areawith little changes in pathology severity during later stages of the diseasem mild
cognitive impairment (MCI) to AD dementBottom: Tau pathology stas in the transentorhinal corteand spreads to the
hippocampal formation and only in the later stages into the cortex, likely facilitated byithmthology present there. In
preclinical stages of the disease, both pathologies are still spatially $egapmtentially opening a therapeutic window. Data

is summarized from positron emission tomography (PET) and neuropathological studies. Modified from van der K¥nt et al.
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12. a2dzAS Y2RSt&a 2F I tT KSAYSNRa RA&ASIHAS
Foryears AD was mostly modelled and studied in mice overexpressing mutant fortharain)APP
and PSEN4and combinations thered®. Although mice dawoty | G dzN> f t @ RS @St 2L ! £ 1K
these models shovaggregation andR S LJ2 & A (i Ai plaquesHithin few monthsas well as
concomitantmicro- and astraliosis®®®’. In addition, an increase in neurofilament ligtttain (NfL)
levels in body fluid$® and increased tau phosphorylatich have been observed in some models,
suggesting starting axonal degeneration and early tauopathgnotypes as described above.
However these modeldail to recapitulate AD hallmarlssich asrautangleformation andsubsequent
neurodegenerationf only ADcausing mutations are introducedn addition, these mouse models
have several limitations, @tuding the possible destruction of endogenous loci at transgene insertion
as well asinspecific effectand artificial phenotypedue to the overexpression &PP itselandallits
cleavage productsnot only! i, and subsequent aberrant interactions with other cellular protefhs
It has been shown for example that the neurodegeneration seen in a commonly used Tauopathy
mouse model was not due to overexpression of human Tau alone, but rather due to the insertion of
~70 copies of the transgeribat disruped a gene encoding for a growth factor needed for neuronal
survival®. To avoid these caveat&nockin mouse modelsvere developed byintroduction of a
combination of ABcausing mutations into the humanized, endogenous APP gene in the mouse
genome!®®1%2 Most prominently NL-G-F mice carrying the APP Swedi8iPFP"9, Arctic(APP™) and
Iberian(APP®) mutations'®are currently used® (Figure6).

APP

Figure6: APP NIG-F mutations and their effect on AF
processing. APP Swedish mutation (K670N/M671L
located right at the -secretase cut site, thereby increas
total A production by promotingi -secretase overh-
secretase cleavage. APP Arctic mutation (E998 locate
within the A peptide (red), accelerating Aibrillation. API
Iberian mutation (I716F) is located within thesecretas:
cleavage region on position 45 of thé peptide, thereb
altering ! -secretase cleavage and increasing thetZ4(
E693G —+ APPArctic — AP fibrillation t ratio.

B-secretase 3>( Me7iL APP Swedish — Total A}

y-secretase ;. . APPlberian —» Ap42:40 1

TheAPP"“®mutation is located close to the-secretase cut site and has been shown to increase total

I f B RySntréasing - compared td' -secretase cleavage, thereby promoting the amyloidogenic
processing pathway*'%® APP°A & | Ydzil GA2Yy F2dzyR Ay GKS YARRES
been shown to acceleratprotofibril formation and thus the aggregatigprocess'®’1% TheAPP®

mutation is found around the-secretase cut sites-secretase cleavage is a sequential prodbas
typicallycleaves dftripeptides, & G F NI Ay 3 G L2 &A (A 2y Unger physiblogigal 2 T 0 K
O2yRAGAZ2yazX !'inns O2y armostpranyngnt @edvage producy, wityi 8horterOA R & =
0!i oTkoy 0 | yR f 2y AsNesert at loer ammoontsOA13A2 FndnhNcils 449

are largely hydrophobic, theonger isoforms arenore aggregation pronand important fordense

coreplaque formationt'%!'4 TheAPP® mutation has been shown to destabilize thesecretaseCTF

complexin vitro, leading to higher dissociation probabilities and therefore on average longer, more
aggregatioALINR y' S | 115 |@deds, tha Sufiation strongly increases levels 42 and decreases

f S@St a ''2The ofiginal study describing the 48F mice'® alsogeneratedNL-F mice lacking
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the APP"mutation and couldshow that thisslowed down! i | 33 NB 3 | { sogtigaplagueS | RA y 3
formation only after around® months compared t@ months in NEG-F mice thus demonstrating the

synergistic effect of the different mutationgn addition, NEG-F mice showed synapse loss and
microgliosis as well as possible cognitive deficits atenonths of ageNL-F mice in comparison
developed cognitive deficits only aft 10 months'”. However both knockin mouse modelslid not
developTautanglepathology or neurodegenerative phenotypes.

1.2.1. Lack of humaispecific pathology in AD mouse aets

The lack offau pathology may be explained by speeeegcific differences for example in generau
biology and specifically splicing. In adult mmely 4R Tauis expressed'®, while adult human neurons
express approximately equal amounts of 3R andrae®*18 with aberrations from this ratidn any
directionleading tofrontotemporal dementia aneurodegenerativadisease!'®'? In addition,it was
shownthat both 3R andiRTauare part of the paired helical filaments that make Tautanglesin AD

121 suggestinghat adult mice may be unable to form these filameatsd developAD-specifictangle
pathology Supporting this hypothesis, a recent preprint shows that Tauopptignotypes such as
hyperphosphorylation, misfolding andygregationarise specifically in human neurons transplanted
into AD mouse brains, but not in adjacent mouse neurBad-urthermore, as isofornexpression is
differentin mice, molecularauinteraction partnersnay bedifferent and alternativelyegulated thus
humanizing the MAPT gene would still not fully mimic human Tau biology. The lack of
neurodegenerative phenotypes in mouse modelay similarlybe due to speciespecific differences,
asthe transplantation study mentioned above and a previous study from the same group showed not
only Tauopathy phenotypes, but alselective degeneration of human neurons transplanted into AD
mice, while adjacenmouse neurons were unaffectéé?122 As Taupathology correlates with synapse
and neuron loss, the lack of the first may also prevent the latt@nice

In addition, although microglia respond pdaque pathology in both mice and humans, the resulting
microglia transcriptional signature iiather different between the specie¥*'?’, potentiallybecause
inhuYy !'5 6N AY | OZaupathyldgigéshi2pyesestiF 2017] the [firgt Bingleell
RNA seq (scRNAseq) sttidyn a transgenic AMamyloidosiamouse model was publishe@he authors
found a population ofdiseaseassociated microglia (DAM#)at is mostly located close to amyloid
plagues and displaya specific transcriptomic signature including upregulation of ApoE and TREM2
the two strongest genetic risk factors for Aind otherd I O i A @harkersahy downregulation of
homeostatic genes sudis P2RY12 and TMEM1#® They also found theeactionto be a twoestep
process with a first, TREM2dependent and a second, TREMEpendent stage Another study
confirmed this signature in another mouse modsi Nanostringoased RNA expression analyaisl
showed the dependence of the activation on a TREWAE signaling pathway®. In addition,the
publications showd that this DAMsignature is not unique to AD, but is also found in normal aging as
well as other neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS) and multiple
sclerosis(MS) This suggests thateactivity is a more general response, potentially to protein
aggregation as DAMs clustered around amyloid plaques, or to neuronal degeneration and tissue
damage as it was induced by phagocytosis of apoptotic neurons. The stigtieshawedncreased
expression of key gen@shuman AD brains by immunostainings andita hybridization experiments.
However, wherMathys et al. published thrst singlenucleus RNA sequencing syidom human AD
patient brains, only a very smallenapof 28 out of 257 upregulated mouse DAM gemnasconserved

in the human sample&?. This overlap includethe central DAM geneApoE,suggesting that the
fundamentalactivation pathwagmay besimilar, but that downstream effectors amiher genesmay
differ. For example, no significant upregulation of TREM2 was fourdirpatient microglia ithis
study.Additional studés on Apostmortem brains confirmed these differences between human and
mouse, but foundagain differentAD-associated microgligignaturesalso compared to Mathys et al.,
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to an extent that there is only one gene significantly upregulatedDnbrainmicroglia in alhuman
studies which is ApoB?127:130131 Thjs discrepancy may be due to the different brain regions studied,
e.g.prefrontal cortex versus entorhinal cortex, and due to technical differences, such as the method
of microglia isolation and the sequencing ihetl and platform used, highlighting the need for more
standardized and controlled studies. In additierhile postmortem studies giveiniqueinsights into

the human disease in patients, they only reflélee end stage of disease, when most pathological
changes alreadgpccurred,and the therapeutic window ikkely closed.

Therefore,to enable the analysis of earlier disease stagmed pathomechanismis a human system
and complement mouse models and therawbacksijt is important to developghumanin vitro AD
models This can be achieved usithg emergingpotential of human induced pluripotent stem cells.

1.3. Human induced pluripotent stem ceflsPSCs)

In 2006 a team led by Shinya Yamanakacovered that mouse fibroblasts could be reprogrammed
into & A Y R daldrpdrent stem cell{iPSCshy retroviraltransductionof four transcription factors
important for stem celfenewaland function namely Oct4, Klf4-&lyc and Sox2°2 TheseiPSscan

be differentiated into cells of all germ layers of tambryg yielding an almost unlimited resource of
non-immortalized, karyotypically normasomaticcells. In 2007, tle reprogrammingwasadapted to
humanfibroblasts!*?, openinga newera of biomedicalresearch,and leading to the Nobel prize
2012. Since themgprogrammingechniques have been refinedoy delivering the transcription factors
using non-integrating virusest**1% plasmids*®, episomal vectors’®’, recombinant peptides',
synthetic mMRNA or micro RNA$*, and byoptimizingreprogramming from different starting cell
typesthat are easier to obtairsuch as peripheral blood celfss144 keratinocytes'“s, or renaltubular
cellspresent in urine'“®. In addition, differentiation protocols for a variety of cell types have been
publishedand optimized enablingthe study ofdifferent diseass and their underlyingnechanismsn
human, diseaseelevantcell types.

1.3.1. Differentiation of iPSCs into cortical nengoastrocytes, and microglia

In the case of ADglevantcell typesinclude for example cortical forebrain neurgnshich are most
affected by neurodegeneratigras well asastrocytes, and microgliavhich are known to modulate
diseaseprogression as described abovar each of these cell typedfférentiation protocolsstarting
from iPSCsave been published***2 These protocolften use small moleculeand specific
cytokines and growth factoite inhibit pathways important for pluripotency arid promote pathways
that are activein the target lineageand cell type (Figure7), recapitulating developmental cues found
in viva Alternatively, overexpression of lineagpecific transcription factors can be used yield
differentiated cell types more quickly

Cortical forebrain neurons are commonly differentiated usir@luatSMAD inhibibné to inhibit
transforming growth factor éta (TGF) and bone morphogenic proteinBMB signaling, thereby
suppressing the maintenance @luripotencyand promoting differentiation into the neural lineage
leading to the emergence of neural precursor cells (NPEBY maintaining these NPCs at high density
153,154 they can be differentiated intgortical forebrainglutamatergic projectiomeurons supported

by the addition of retinoic acid as a patterning facttt Following the streotypical order of cortical
layer formation in thehumanbrain, the cells first form deefayer neurongollowed by mid and upper
layer cells.The resulting cell populatiomas besn shown to express typical markers such as
microtubule-associated proteir2 (MAP2 andi eTubulin, form synapsesd be electrically activen
electrophysiological measurement¥->* However, the duaSBMAD inhibition approacyields (deep
layer) neuronnly after around4-5 weeks of differentiationMore recently, another approach has
been published to generaténduced neurons (iNs) from iPSQgithin one weekby shortterm
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overexpression of selected transcription factors such as neurog@nifNgn2) or Neurogenic
differentiation 1 NeuroD2 **°. The original publicatiosuggestshat the resulting cells are an almost
pure population oklectrically activeexcitatory neuron®f mainly cortical layer 2/3. However, a more
recent single cell analysid the differentiated cells suggests a larger cellular heterogeneity including
cells of more peripheral neuron identitynd that this variability depends on the exact differentiation
protocol, e.g. duration of Ngn2 overexpresstéh This indicateshat the shortterm expression of the
transcription factor may not faithfullyecapitulatenormal humanneurondevelopmentand needs to

be tightly controlledand monitored

Cortical neurons

n‘ﬂ"w'd
Pl
NPC Y\,‘%\\d '\ca('\
Fibroblast Human iPSC ‘e{-\qq,
sal SMIAD LE Astrocytes
~ inhibitio—» CNTF
Reprogramming
(D T~ HPC
Microglia
— PBMC L34 >~
TGF-B > =
M-CSF

Figure7: Generation of induced pluripotent stem cells (iPSCs) from human donors and differentiation into brain cell types.
iPSCs are commonlgerived from healthy donor fibroblasts or peripheral blood mononuclear cells (PBMCs) by
reprogramming with specific transcription factors. As stem cells, iPSCs can then be differentiated into a variety escell typ
including cortical neurons and astroegt via neural precursor cell (NPC) intermediates or microglia via hematopoietic
precursor cell (HPC) intermediates. Differentiation can be induced by inhibition or activation of is@egfc signaling
pathways, such as du8MAD inhibition for neuronasnd astrocytes, addition of specific cytokines and growth factors such as
retinoic acid for neurons, LIF and CNTF for astrocytes or IL34, &i@FM-CSF for microglia, or specific culture conditions
such as higldensity culture for neurons.

For astrocytedifferentiation, initial duatSMAD inhibitioncan beused as well, as both neurons and
astrocytes arise from the same, neural linedtjeHoweverafter NPCarise additionalgrowth factors
such asepidermal growth factor (EGBhdleukemia inhibitory factor (LIRye addedto promote cell
proliferation andthe gliogenic swich, turning NPCs into glia progenitor cells (GRR=) are then
differentiated into astrocytes by addition ¢fophic factors such asiliary neurotrophic factorGNTF
15&161 By avoiding serum exposure during the differentiation and maturation, the cells can be kept in
a nonreactive state!®2 The resulting astrocytes express typical markers sudliasfibrillary acidic
protein (GFAF, S100betaand excitatory amino acid transporter EAAT), are functional as seen by
promotion of neuronal suiival, glutamate uptake and calcium imaging asah be activated by serum
stimulation®®°. As for cortical neuros) the differentiation using small molecules is a protracted process
of about 10 weeks and recently alternative protocols using overexpressiopecffis transcription
factors have been published. In contrast to iN differentiatidhe transcriptions factors are
combinations of gliogenic factors such as nuclear factor 1a (NFIA) or 1b (NFIB) and/tiraSax®
overexpressed in NPCs instead of iPSE8°. All published protocolsising transcription factorgield
astrocyteswithin 1-2 monthsthat are functional andsimilar to primary astrocytes and astrocytes
differentiated with small moleculesn a transcriptomic level

The dfferentiation of microglia fran iPSC#ollows a different protocol, as they &e from primitive
macrophage precursors from thgolk sac!®”1®® not from ectoderm as neurons and astrocytes.
Microglia differentiation protocols from iPSC follow two stepsst, iPSCare differentiatedinto
hematopoietic progenitor cells (HPGs) activation of BMP and T&Fsignaling and hematopoietic
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signaling pathwayssimilar to the macrophage precursansviva These HPCseathen further specified
into microglialike celk by providing braidike cues'>!16%172 One widely adopted protocdhat was
also applied here usescommercially available kit for the first step followed by a defined medium with
specific cytokine and growth factorsinterleukin 34 (IL34), TGRnd macrophage&olony stimulating
factor (MVCSF) to promote microglia differentiation’s. The resulting cellsre similar to human
primary microglia as seen B¥NAsequencing express typical markers such as Ibal, PE2ZRY12,
TREM2, CD11b and are functional as seen by phagocgtasisnan synaptosomesvound scratch
assays anaytokine secretion°1%2 As for the other cell types, recently a protocol differentiating
microglia using overexpression of transcription factors, nanilyl and CCAAT/enhandsnding
protein alpha (CEBPAjas been publisti:’ The protocol yields functional cells that are similar to
primary microglia on a transcriptomic level in 10 days compared #®days for previous protocols.

1.3.2. Approaches to increagshysiological relevance of iR8&ivedin vitromodds

All these cell types can be cultured irdinensional (2D) monoculturesn plastic dishes. However,

this leads to artificial cell morphologies and aberrant-cell interactions due to the lack of other cell
types normally present in the brain. Therefpone way to create a more physiological environment is
the combimation of several brain cell typda co-cultures It has been shown for example that-co
cultures of iPS@erived neurons and astrocytes display increased spontaneous and synchronized
neuronalactivity 1> as well as synapse maturatiéff, and generally enhanced neuronal and synaptic
network activity and maturity’’”. Cocultures of iPS@erived microglia with neurons increased
expression of microglial markers as well as microglial ramification and m#tility

Another important factor to increase physiological relevance of i@&wed cultures is a -3
dimensional(3D) culture format. A 3D environment promotes 4iviva-like celicell and celmatrix
interactionsthat are important for proper cell functioand enabés relevant studies on drug efficacy
and toxicity!’®and thusgreatly increases translatabilifgr studies of diseases affecting the brain such
as ADOQOver the past years, several approaches have been established to generate human 3Dlbrain cel
cultures Figure8). Currently, the most commonly used models are brain organd&dsin organoids

are formed by the aggregation of iPSCs into small spheres followed by their differentiation into the
neural lireage.One approach to achieve this usdirecteddifferentiation, taking advantage of the
GRSTI dzf (¢  LI-céllKdifer@ntiat®rF intci fir€odain lineage¥'® and leadim to the
development or organoids with various brain region identities that can be used to study human
cerebral development over tima vitro 81182 Another approach ithe directed differentiation by
addition of lineage and patterning factors such as é®lsllAD inhibitionthat yields organoids with
specific brain region identitiedepending on the external cues provid&d®4 including cerebral cortex
185that is largely affected by AD pathologds an alternative to organoiddlPCs instead of iPSCs can
be aggregated into a 3D spheroid and differentiated into neuwastrocyte cecultures 8®18” This
approach increases repducibility by removing the variable of initial iPSC differentiation efficiency,
making them more suitable for drug screens. However, only culture periods of up to 2 months have
beendescribedwhich may be too short for AD pathologiesaigse Anotherstudy combinedinducible
NPCs withiPS@lerived astrocytes into seHssembled 3D spheroidand completed neuronal
differentiation during the cell aggregation stéff. Thisapproach yieldd 3D neurorastrocytes ce
cultures with a homogeneous distribution of both cell types and no neural rosette formaticgeen

in organoids. However, the cultures shoav large variability n sizes and morphologies. This
heterogeneity could be avoided by aggregating the cells in microvedlding however to very small
cultures sizes of < 200 um diameter aghinno longterm culture of thosespheroidswas showrt®e,
Finally, various studies used natural or synthetic hydrogels as a scaffold to embeateriR8Gbrain
celltypesand confirmed survival and matation of the cells in the géf*%1°2 However, as the brain
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ECM has a very distinct composititiithat cannot yet be faithfully modelleth vitro, this yields an
artificial environment fothe cells which may not support physiological signaling and cell interactions.

Taken togetherseveralapproacheshave been published to generate human 3D neural tissue models
by cell aggregation orhydrogel embedding However, the existing models do noprovide a
physiological tissue due to lack of brain cell types, experimeapabducibility, brain-like organization
and/or long-term stability. Therefore, more work is needed to fully unfold the potential of iPSCs for
brain tissue modeling and applicati@f such models for AD resear@s elaborated below

Neurospheroids Brain organoids
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Figure8: Approaches to generate human 3D brain cell cultur@®p right: 3D neural tissue is commonly generated by
aggregating iPSCs followed by directedundirected differentiation into brain or brain region organoids. Alternative
approaches includgbottom right) differentiation of iPSCs into NPCs in 2D, followed by their aggregation and further
differentiation into neurospheroid®r (bottom left) differentiation of iPSCs into NPCs or further into neurons and astrocytes,
followed by their embedding into hydrogels as a 3D scaffbigh left: Finally, iPSCs can be differentiated into neurons and
astrocytes which are then aggregated to form neurospheroids.
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1.4. iPSGO I ASR Y2RSfAy3 2F 1f1 KSAYSNDRDaA RAA
1.4.1. iPS&erived 2DADmodels
The first iPSGased AD modelgsedcortical neurons derived fro’ADADand SAD patients grown in

2-dimensional 2D) monoculture. They observed phenotypes such lag § SNBR | 1 a4 SONEB
endoplasmic reticulon and oxidative stres¥®, enlarged endosome'$® and impaired endocytosis’,
mitochondrial impairmerg ¢, increased phosph®au(pTau)levels®l a ¢St +a Ay {iNF O

accumulation'®s, Other studies analyzefdiD patient-derived astrocytesn 2D monocultureand found
aless complex morphological appearance and abnotatallizatiorof keyastrogliamarkers'®as well
as altered cytokie release, dysregulated €ahomeostasis increased oxidative stress and
compromised neuronal supportive functiom ADADcompared to isogenic control astrocyt&. Lin
et al. analyzed the effect of tretrongest geneticisk factor for poradic AD, ApoEA'?%2 on astrocytes
YR FT2dzyR ReaNB3IdzZ SR ft ALMAR YSidilo2tAaYzZ AYLI ANB
to isogenic ApoE3 astrocytés. The same group analyzed the effect of ApoE4 genotype on microglia
and foundaltered morphologies and reduced phaxytosis of A in ApoE4 microglidAnother study
confirmed these results and found a genguad-inflammatory phenotype in ApoE4 microglia, but not
in ADAD patientlerived microglia, possibly indicating a differential role of microglia in ADAD
compared tosAD patients carrying ApoE4 alletés
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In generalthese2D monocultures of iPSderived brain cells are a simple, hitfiroughput approach

to model ADn vitro. Theycan be manipulated rathezasily and showearly, ceHautonomous disease
phenotypes Howeverthese phenotypegould also be artefacts of the isolate2Dculture conditions
and thefollowinglack ofphysiologicakignalingoetweenthe differentcell typesfound in the brainA
recent stug therefore establisheda 2D modelsystemwith iPS@erived neurons, astrocytesnd
microgliato improve on these drawbacks and establish a more physiological model with additional,
diseaserelevant brain cell types. The authors fousttongly increasedsecretionof complement
component 3 C3 only in cultures containing all three cell typdkat was furtherenhanced in AD
versus control culturesgue to a reciprocal signaling between microglia and astrocgtesThis
example Ighlightsthe importance of incorporating additional cell types to enable more physiological
cell interactiongo increase the relevance af vitromodels and discover novel pathomechanisms

However, although these 2D -@ultures are more physiological than mondicuwes, they still display
artificial cell morphologies and lack eeihtrix and cefcell interactions as well as spatial complexity.
In addition, a 2D format likely prevents aggregation of endogenous protéimsexample into
extracellularAl plagues due to the lack of a 3D environment that would limit diffusion of the peptide
into the media and the subsequent washt of produced A I (i Y S R X% ToGvoid 1hek8 &
drawbacks, 3D iPStased AD models have been developed.

1.4.2. iPS@lerived 3DADmodels

The firstiPSehased3D modelwas published in 2014 andsed cortical neurons embedded in a
synthetic hydrogel The authorsfound altered levelsof mechandransduction and cytoskeleton
associated proteinsvhich cannot faithfullybe studied in 2D as well as altered responses
oligomer treatment in 3D vs. 2D cultur®4 Another study in the same year used a similat3drogel
system but embedded immortalized human NPCs that strongly overexprés¥edind PSEN1 wiah
combination of AD causing mutations. The NPCs differentiated into neurons and the authors observed
the formation of potentially plaquelike structuresas well asTauhyperphosphorylation and possible
aggregatiort®”, making itthe first description ofAD-relevantprotein aggregationn a humanin vitro
system.However, as described for mouse models, the strong overexpression may lead to artifactual
phenotypes and impair the study of underlying pathomechanisms. In addition, in this study NPCs from
the ventral midbrain were used, a reg affected rather littleand late by AD patholog$P-2%¢
potentially limiting the relevancefahe model to study disease processes that normally occur in the
cerebralcortex. In 2016, Raja et al. pioneered tla@plicationof cortical organoids in ADesearch,
implementing a more relevant and physiological modiding different ADAPpatient-derived lines,

the authorsT 2 dzy R A Y ONB I & SR tha rGeditEcduind@afiona? the peptide withifl the
cultures over timeas well as increasqall au levels and endosomal abnormalities compared to wildtype
organoids but no advanced pathology such plaques or tangles®. Interestingly, another group
analyzedwhole-brain organoidsmade from iPSCsom one of the samepatients and showedfew
isolatedstructures resembling plags and tangled'®. As the cells were derived from the same patient

as in the first studythis discrepancy in phenotype formati@annot be die to variations in genetic
background but may rather be due tothe appliedorganoid differentiationapproaches highlighting

the need for standardized protocolénother study compared a variety of healthy control and AD
organoidswithS+ OK aANR dzLJ O2y dFAyAy3a 1 1L1290 FyR !L3229n OF N
y2 AyazftdzntS !i 3 | devels &rfdfpotehtial syhapse Ml nadufoR lassAD| dz
organoids with all disease phenotypes being enhanced in ApoE4 compared ©3Agarierderived
lines?!,

All these studies show early disease phenotypes, but lack the formation of hallmarks such as
widespread protein aggregation in plaques and tangles as well as neuroinflammation, the latter mainly
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because of the lack of microglia in the models. In general, lot@janoids have several limitations to
study ADin vitro. First,due to the complex 3D arrangement of the cells during differentiation and
subsequent heterogeneous access to patterning factors, there is a large variability in efficiency of
organoid formatim between cell lines and differences between organoids in size/morphology and cell
type composition, especially in undirected and to a senaktent in directed organoid protocot& 212

214 |In addition, as models of brain development, organoidsaridt of proliferative neural rosettes
with comparatively small brain parenchydike areas, and contain mainly neurons, with astrocytes
arising only after around 2 months in culture at low percentafésnd not in every organoid-“.
Therefore, long culture periods of moreah 6 months are necessary, until an adult ratio of neurons
and astrocytes is achieved, while the organoid is growing in*&iz€hisgrowth in turn leads to the
formation of hypoxic areas and a necrotic cé¥&?*®due to a lack of oxygen and nutrient supply in the
center of the cultures. This can be avoided by repetitive, acute slicing of organoids into séttihs
however this is a very timeonsuming pocess that requires special equipment and is therefore not
feasible on a large scal€ogether, while brain organoids are good models to unravel husmecific
features of early brain developme#t’218 dl the abovementioned factordimit their applicability for
sydematic studies of APpathomechanisms and especially drug screening approaches.

1.4.3. ChimeridPSébased ADnodels

To avoid some of these caveats and provide a Hikinenvironmentwith increased cellular diversity
that supports physiological cell interactionsuman iPS@lerived brain cells have recently been
transplanted into mouse braim Xenografting of stentellderived wildtype NPCsinto neonatal,
transgenicAD mouse brains led wifferentiation into corticd neurons followed bylague formation
also within the human graft and subsequent tauopathy phenotypes includingTau
hyperphosphorylation and misfolding, but not tangle formatiéh In addition the authors observed
specific loss ohuman but not mouseaieurons in response to the pathologyhe results have been
replicated in a recent preprint using the ¥&F mouse model, again showing tau misfolding and
aggregationspecificallywithin human neurons as well as their degeneration by necropté$is
Together, thishighlighs the importance of analyzing humareuronsin an AD contexand brainlike
environment Transplantation of astroge progenitor cells int@ transgenic Abnouse model led to
the differentiation into different astrocyte subtypes, their functional integration into the mouse brain
and morphological changes in response to amyloid plaétieSinally, avariety of studies investigated
the response of xenografted microglia on AD patholdfy#?1??2 They confirmed a widespread
engaftment of transplanted HPCs over most of the mouse cortex maturation into homeostatic
microglia in the brain environmenand tiling of the tissue Human stem-cellderived microglia
transplanted into AD mice clustered around glaques, showedccumuation of lipid droplet£??, and
partially humanspecific, transcriptomic changes not seen in DAMs in fficethat all depend on
TREM2 function Similar transcriptomic changes were seen by another group upon injection of
oligomeric A into wildtype mouse brains with human MG xenograffs

Onedisadvantagef such transplantation experiments is the incompatibility with drug screens due to
the low throughput.In addition the human cells are xenografted inlbnon-human environment
which may lead to unphysiologicegll interactionsand thus impair the anatys of humarspecific
disease mechanismBinally immunodeficient micdave beerused for the experimeniso avoid host
immune reactionsagainstthe transplanted cellsThis reduces the advantage of time vivosystem
regarding increased cell type divéysand prohibits studies on peripheral immune responses to AD
pathology, which may play important roles in pathogené&isAlthougha recent study showed that
transplanted microglia carsurvive in immunocompetent mice, é¢happroachdid not lead to
colonizationof the mousecortex??, the area most affected by plaque pathology and degeneration in
humans.
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In summary, a variety of iP®@sed AD models has been publishifdm 2D over 3D to xenografted
models and contributed to our understanding of pathological processes and underlying mechanisms.
However, mosturrentin vitromodels lack advanced AD hallmarks such as widespread aggregfation
endogenous proteinsThis may be due to the common use of patidatived lines with mutations that

in humanscause typical pathology only after decadd@herefore, asolution to induce advanced
pathology within experimentally trackable time frames while avoiding overexpressiefactscould

be to combine synergistic,JAcausing mutations as in the N&F mouse modéel®. This requires easy

and versatile genomic access to introdube desired alterations, e.g., tonockin diseasecausing
mutations which hadeen enablal by thediscovery andlevelopment of CRISPRas genome editing
systems.

1.5. CRISHRas genome editing

The CRISPRas(Clustered regularly interspaced short palindromic rep&aSPR associated protein)
genome editing systeris originaly a bacterial and archaeal adaptive immune system against viruses
225228 hut has quickly been adopteand optimizedfor precise ancefficient genome engineering in
human cell$?7228 Theoptimizedsystem consists of the Cas nuclease amemagineeredsinge guide
RNA (sgRNA), that guides the nuclease tal#giredtarget locus byomplementanbase pairing?®2%°
upstream of a specific motif (protospacer adjacent metfAM)2*! (Figure9). The system can be
delivered via plasmids that encode sgRi Cas proteirt?”-228 or via RNP%? in which recombinant
Cas9 protein is complexed with a synthetic sgiRNAtro. Whenthe Cas%gRNA complex reachasd
bindsthe target locusa doublestrand break is introducethat can be repaired by nehomologous
end joining (NHEJ) or by homoledjyected repair?-?2¢ NHEJ is an err@rone pathway that directly
fuses the two DNA stranghds together commonly resulting in small insertions or deletighDels)

at or around the cut sité*. These InDels cateuse frameshift mutations, leading to premature stop
codonsand can thus be used to knock qurbtein-coding genes. Homologlirected repaitin turn can

be used for precise gene editing including knotk by providing a synthetic repair template that
carries the desired changes, such as@Dsing mutations®, and is inserted into the de genome
during the repair proces$?”?28 Although other technologies such ainc-finger nucleases and
transcription activatoilike effector nucleases (TALENS) enabled precise gene editing B¥fdahese
rely onengineeredproteins to achieve binding to a specific DNA sequence. As RNAs are much easier
and cheapeto synthesize than proteins, the CRIBP&S systems revolutionized biomedical research
by providing quick and easy genomic access also foispegalized labs.

Figure9: Working principle of the CRISPR/Cas9 gene ed
system. The Cas9/single guide RNA complex binds to
targeted locus by complementary base pairing of the guide

with the target sequence, directly upstream of the protosp:
adjacent motif (PAM). Th Cas9 enzyme then introduce:
doublestrand break (DSB) 3 base pairs upstream of the
guide RNA sequence (indicated by scissors). The DSB can then be re

by 1) nonhomologous end joining, an errgrone pathway the
religates the free DNA ends, frequenttytroducing unspecif

Cas9

Target
sequence —,
\\

|

“'L“#IMJ'PAM insertions or deletions around the cut site, or 2) homok
directed repair, which uses a partially homologous dt
‘ template to repair the DSB and can be exploited to introc
[ | specific edits such as insertions or kndnk by suppling ¢
Non-homologous Homology-directed template carrying the desired changes.
end joining (NHEJ) repair (HDR)
I I T T
X X
Error-prone Donor
repair m:?]m template
T T
Mutation Inserted DNA
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1.5.1. CRISPR/Gasased disease modelling

The combination of CRISPR/Cas genome editing and hiPSC technology yields especially useful tools as
it enables 1) analyzing effects of risk variants and diseassing mutations in the diseaselevant,
humancell types and 2ihe generation of isogenic cell lined|lowingfor a direct comparison of cells
that only differ bythe variant of interestisogenic cell linesan begeneratedeither by correcting the
mutation in a patientderived cell line, or by insentythe mutation into a healthy donor lin€lhe first
has the advantage that the whole genetic background is included, which may carry disedifgng

risk variants and thus influeegpathogenesisThe latter has the advantage thhealthy donor lines
are more readily available and thagveral, possibly synergistic mutations can be usealccelerate
naturally occurringpathology formation In addition, mutation insertions can be denin welt
characterized iPSC lines that are known to differentiate into the cell types of intéfe$hese lines
can then also be used to compare the effect of different mutations in an isogenic backgréuksl
mentioned above, his isan important factor when modelling neurodegenerative diseases that
commonly affect elderly or adul@nd thus have protracted disease coursiest are too long to fully
recapitulate in a model systerlternatively, more mudtions can also be knocked into patiedearived
lines to combine both approachek additionto mutation knockins, CRISHFRas genome editing
enables the investigation of the pathogenic effect of risk variants such aglApotore rare variants,

by knockout of the respective gene or knodk of a known variant.

In summary, CRISPR/Cas genome editing strongly advanced biomedical research as it allows
introducing almost any desired genomic edit into cells of interest and analyzing its effect for example
in pathogenesis.

1.6. Hypothesis andims of the thesis

Based on the current research, the central hypothesis of this thesimishumanspecific disease
mechanisms contribute to the formation of compled@®pathology Consequentlyit requireshuman
brain cells in aB, braintissuelike environmento generatethe full pathology and discover potentially
humanspecific disease ethanisms and thus novel therapeutic targets

Current human iPS@erived 3D models such as organoids have several limitations including high
variability and low phenotype penetrance due to the heterogeneous cell composition, presence of
proliferative areas lack of physiological numbers of glia cells, and formation of a necrotic core.
Therefore the main objectives of this thesiswere 1)the generationand characterizatiomf a more
physiologicalcontrollable and reproducible human cortical tissue modanhd 2) the analysis of its

LR GSYydAlt F2NJ Y2 RSihvittb@igurelof T KSAYSNR& RAaSHas

To establish ta model, | first aimed toadopt andoptimize protocols to differentiatehuman iPSdsto
highly pure cultures ofortical neurons, astrocyteand microgliaUsingthese differentiated human
brain cell typed then focused onestablisling modular 3D co-cultures to create reproducible and
controllablecortical brain tissue model(3BTMs), and characterize the culturewer timeto analyze
cell maturation andunctionality.

To analyze the mod@ potential for modelling ADthenaimed toinduce! i | OOdzYdzt F GA2Y A
by knockin of three synergistic AD-causing APP mutations to accelerate naturally occurring disease
processes| would then analyze emerginghenotypesand underlying mechanisms, and finally
investigate additional diseasenodulating factorsto trigger the formation ofadvanceddisease
hallmarkssuch as protein aggregatidny” | i . [BeddcumSikcludeprolonged culture periods,

genetic alterations in AD risk genes such as TREM2, preseadxsenceof nortneuronal cell types
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such as microglia and astrocytegeding approaches with mouse brain lysate or recombinant human
I i nas well aghe 3D environment thatpromotesretention and seeding of aggregating proteins.

Long-term
. It
Cortical neurons Human 3D cortical cutture
tissue model
Human iPSCs /‘
Astrocytes \(#,

e *f‘k Study cell maturation

,*/ o,
WPy .
. A;:"E& o E— and function
N *x G
W
. Knock-in AD : -i \f’(@g
::trf - mutations X ‘/" 2
.\‘:,_;._ E— 3 E L
) Modulate * ¢y Jéft'

co-aggregation g (
) S

Microglia

factors

Analyze AD phenotypes
and pathomechanisms

FigurelQ: Overview of the projectThe first objective of this thesis was the generation and characterization of a controllable
and reproducible, human 3D cortical tissue modebd generate this model,aimed to differentiate human iPSCs into AD
relevant cell typs such as cortical neurons, astrocytes, and microglia (left). These differentiated brain cell types are then
combined to generate modular 3D cortical tissue models (middha) are analyzed regarding cell maturation and function
over time (top right) The second objective was use the cultureor modellingADin vitro. To this end] aimed to knock in
AD-causing mutations and modulate eggregation factors and analyze emerging AD phenotypes and underlying
pathomechanisms.
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2. Materials andVethods

2.1. iPSdines

iPSC experiments were performed in accordance with all relevant guidelines and regulfiidbge
iPSdines used in this study were: 7889S@&hort SA2)a single cell clone derived from tmeale
7889SA line described by Paquet et¥d.as well as the commercjdémaleiPSC line A1894ZFhermo
Fishe##A18945) Cell line7889SAZ4F8 (short P4F8) was derived from line SA2 by introduction of the
APP Swedish mutation as described by Paquet &t‘al.

2.2. iPSC maintenance

iPSCs werenaintainedon vitronectin(VTN)coated Thermo Fishe#A14700) éwell plates (Corning
#353046) in Essential 8 Flex mediumKEBhermoFisher#A2858501). FoW TNcoating,the stock
solution was diluted 1:100 iB dzf 6 SpBaSph@eibuffered saline (PBS) without Calcium/Magnesium
(SigmaAldrich#D8537) 1 mlof stock solutionwas addedper 6-well well andincubated for one hour

at room temperature (RT). Cells were kegtcoloniesand split every 3 daysFor splitting cellswere
washed oncevith PBSand thenincubated for 5Sminutes at RT in PB&th 0.5 mM UltraPure EDTA
(Thermo Fisher#15575020). PBSIHA was aspirated and 3 ml of DMEM/F (Thermo Fisher
#11320074) were added to washe colonies off the plate.The cell solution was trituratetb achieve
homogenous colony sizes and then transferred to the new plate

To freeze iPSCsellswere detache as described abovend washed offvith cold freezing medium
madeof 45% EB, 45% fetal bovine serum (FBS, Thermo Figh@500064), 10% DMSGigmaAldrich
#D2650) and 10 uM rock inhibitor Y27632 (RI, Selleckck#8a049).The cell suspension was
transferred into cryovialsstored at-80 °C fo24 hoursand subsequentlgt-140 °CTo thawiPSCghe
cell suspensiowasshortly incubatedn a 37°C water bathuntil almost thawedthen transferred into
a 15 ml conical tube (VWB25-0061) containin® ml of DMEM/F12, and spun at1000 rpm(162Q)
for 4 min Thesupernatantwas aspiratedcells were resuspended in 2 miFE&edium with 10 uM RI
and plated onto VTioated6-well wells.

2.3. CRIBR/Cas9 gene editing design

SYRNA were desigred usinghe CRISPOR online tool (http://crispor.tefor.nef SgRNA sequences
were cloned into the BsmBI restriction site of plasmid MLM3636 (a gift from K. Joung, Addgene 43860).
CRISPR editing was performed as described by Paquet'#tusing Cas9 plasmid pSpCasHBB)

Puro (PX459) V2.0 (a gift from F. Zhang, Addgene 62988).-Snagieded oligodeoxynucleotides
(ssODNs) were used as repair oligos dedignedmanually. SODNs were purchased from IDT.
Sequences of used sgRNAs and ssODNSs can be folsialénl

Tablel: Sequences of sgRNAs and ssODNs

Locus ‘ Sequenc3ed)( 56

SgRNAs

APPlbe GACAGTGATCGTCATCACCTTIGG

APPATC GGTGTTCTTTGCAGAAGATGTGG

sSODNs

APplbe GTCAAGTTTACCTACCTCCACCACACCATGATGAATGGATGTGTACTGTTTCTT
CTTCAGCATCACTAAGGTGATGACGAACACTGTCGCTATGACAACACCGCCCA

APPATC GACGAACACTGTCGCTATGACAACACCGCCCACCATGAGTCCAATGATTGCAC
CTTTGTTTGAACCGACGTCTCCTGCAAAGAACACCTTGAAAACAAATTAAGAAA

bold = cut site, red = intended mutation, blue = CRISPR/Cas-blocking mutation, underlined = NGG
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2.4. sgRNA Testing in HEG cells

To test sgRNA efficiency, sgRNA and Cas9 plasmids were transfected into HEK2%Zercells.
transfection, 2.4 uX-tremeGENE 9 DNA Transfection Reage@igmaAldrich#6365779001)were
diluted in 100 pl DMEM Thermo Fishe#3196602) and incibated at RTfor 5 minutes In the
meantime,for each transfectiorCas9 andgRNA plasmidsere mixed in a separate tube in a 2:1 ratio
with 0.8 pg Cas9 plasmid and 0.4 pg sgRNA plag@@ipl of the X9/DMEMolutionwere added to
eachplasmidsolution and incubated for 20 minutes &T Following the incubation, 100 pl of the
solution was added to eact?-well wellof HEK293 cells. Two days following transfection, a cell pellet
from the transfected HEK293 cells was collecdad gDNA was isolatagsingthe NucleoSpirnTissue

Kit (Macheey-Nagel #740952.250 always used for gDNA extraction if not indicated otherjyise
FOO2NRAY3A (2 (KS YI jaRamgficatidn@nidea theAtafgetiiadidpboivddy &
Sangersequencing was performednd ediing efficiency was calculated using the TIDE online tool
(https://tide.nki.nl/) 2%,

2.5. IPSC Electroporation

Two days beforeelectroporation, 6-well plates were coated with GeltrexGT, Thermo Fisher
#A1413302) diluted 1:150 in DMEM/F12 at 37° for at least 1 hbaprepare cells for electroporation,
iPSColonies weredetachedusing AccutasgThermo Fisher #A111050fbr 5 min at 37 °C. Accutase
was stopped by addition of DMEM/F12 with 10 uM RI and cells were triturated to single cells, spun
down at160g and platedat 250.000 cells/welbnto the GT-coated 6well plates in StemFlexedia
(SF,Gibco # A3349301) withO uM RI On the day of electroporation, 0 cmdish (Thermo Fisher
#150350)was coated withGTfor eachreaction The iPSs weredetached using Accutase as described
above, triturated to single cells, mixed 1:1 with Trypan BBmgroaAldrich #T8154) and amted
manually using a Neubauer chamber (Wagner & Munz GmbH #7178f0&) centrifugation, iPSCs
wereresuspendedat 20 Mio.cells/mlin 100 plelectroporationsolution(seeTable 2.

Table2: Composition of the electroporation solution

Component amount
Cas9 plasmid 30 pg
sgRNA plasmid 5 g
ssODN 30 pg
BTXpressE High Performance Electroporation Solution (VWR #732-1285) To 90 pl

The cell suspension was added to enth cuvette(Fisher Scientific #15437278hd placed insida
safety dome (BT#45-2021) of the BTX Gemini X2 electroporation systé8-006).Electroporation
was peformed with 2 pulses of 65V for 20 meach with 10 ms iterval. Immediately after
electroporation the cellsuspension was transferred tine GTFcoated 10 cndishin SFmediawith
Revitaell (RVC) supplemelit:100, Thermo Fisher #A2644501)

2.6. Puromycirselectionand clonal expansiasf electroporated iPSCs

On day 1-3 after electroporation cells were fed with fresh SF + RVC media supplemented with
puromycin(VWR, #J5935MG)at afinal concentration of 35(hg/ml to select transfected cell§rom

day4 on cells were fed with SF + RVC media. Once small colonies formed, media was switched to SF
only. After 7-8 daysgeachclonal colony was manually detached and transferred into a single well of a
GT-coated 96well plate (Corning # 5380522) in SEdia with 10 uM RISngle cell clones were fed

with SF as needed until almost confluent.
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2.7. Analysis of single cell clones

2.7.1. Replica Split and Crude Lysate preparation

To extract gDNA for theestriction fragment length polymorphism (RFlaPglysis each single cell
clone was spliinto anew,GTcoated 96wellwell. To this end, ellswere incubated with 40 pl Accutase
for 10 min at 37 °@nd subsequently washed off the plate by addition of 108kwith 10 uMRI. D-
30ul of the cell suspension was transferri@tb the same position of the ne@6-well plate containing
100 pISF media with 10 pf&L The remaining cell suspension was splavn for 12 min a2500g and
the cell pellets wergorepared forgDNA extractiorby addition of25 pl lysis buffer Table 3 and
incubationfor 10 min at RT on a rotatnal shakeat 150 rpm Cells were washed off the plate artukt
resulting suspensiowas transferred to a 9@vell PCR plate (Bnd#781374) and incubated at 55 °C
for 4 hoursfor complete lysisfollowed by 10 min at 95 °C to inactivate Proteinase K.

Table3: Composition of lysis buffer and 10x jumpstart buffer stock

Lysis Buffer For 1 plate [pl]

Proteinase K (NEB #P8107S) 41.25
10x Jumpstart Buffer 275
Ultrapure H20 (Thermo Fisher #10977035) 2431

10x Jumpstart Buffer stock [mI]
1M Tris pH8.3 (Carl Roth #0188.3) 3
1M KCI (AppliChem #A3582) 15
1M MgCl2 (Carl Roth # KK36.1) 0.45
0.1% Gelatin (Sigma-Aldrich #ES006B) 3
MilliQ H20 8.55

2.7.2. Genotyping PCR

Followingcelllysis,the genomic region surrounding the targeteddsevas amplifiedoy PCRFor each
clone, 10 ul of Tag PCR master nliakle 4 and 2.5 ubf lysate were pipetted into one well of a new
96-well PCR plate and the PCR was aiccording tdrable Susingprimers OL1208/0OL1212&ble 18§.

Table4: Composition of Tag PQRaster Mix

Tag PCR Master Mix 1 plate (110x) [ul]
Primer 1 (100 pM) 2.75
Primer 2 (100 pM) 2.75
OneTag® Quick-Load® 2X Master Mix (NEB #M0482L) 687.5
Ultrapure H20 407
Table5: TagPolymerasePCR program

Step Temp [°C] Time [mm:ss] Cycles
Initial Denaturation 95 02:00 1
Denaturation 95 00:30
Annealing 60 00:30 35
Extension 68 00:30
Final Extension 68 02:00 1
Hold 10 b
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2.7.3. Restrictionrenzymedigestand expansion and banking of positive clones

To identifyedited clones, thePCRamplified region vasdigested witha specificrestriction enzyme to
screen for the gain d restriction site introduced by HDR editirigul of digestion master mixrable
6) and 5 ul of PCR produst each clonavere incubated for 3 h at thenzymespecifictemperature
(Table 7 and cleavage products werseparatedon a 2 % agarosgServa#11406.02)gel. Positive
clones were sent for Sanger sequencing at GATC/Eurofins.

Table6: Composition oDigestion Master Mix

Digestion Master Mix 1 plate (110x) [ul]
CutSmart buffer (NEB #B7204S) 110
Restriction Enzyme (Table 5) 13.75
Ultrapure H20 426.25

Table7: Restriction Enzymes for RFLP Clone Screening

. - . : Cleavage Products
Editing Locus Restriction Enzyme Incubation | Gain/Loss Edited Unedited
APP'e Ddel (NEB #R0175S) 3h,37°C | Gain 248, 175 423
APPATC HpyCH4IV (NEB #R0619S) 3h,37°C | Gain 163, 260 423

Successfully edited clonegre expandedo 6-well platesand cleaned from differentiated cells before

cell banking Before thesingle cell clonesvere frozenas described abovapproximately 50 % of a

confluent 6well well was used fogDNAextraction with the NucleoSpin Tissue Kit according to
YIydzZFlI OGdzNBNRDa AyadNHzOGA2ya F2N F2ff2¢6Ay3 ljdz £ A

2.8. Quality controls of edited iPSCs
2.8.1. Fingerprinting PCR

To verify the origin oéach editedcell line,a microvariation at the human D1S80 locus \aaalyzed
by fingerprinting PCHRor eacteell line, 20 ul of Tag Master MiXgble 4 andprimers OL1240/0L1241
(Table 18 were combined wittb0 ng gDNAAPCR was run as irable 5 but with 70°Cannealing
temperature and60 secextension time. PCR products weseparatedon a 2% agarose gahd the
band pattern compared to the parent cell line

2.8.2. qgPCR Asssto verify allele number at edited locus and BCL2L1 gene locus

For each edited cell linghe number of alleles at the edited locus was estimated by using a qPCR in
comparison to the paremt cell line as described by Weisheit et?. To this end, 7.5 pl 2x PrimeTime
Gene Expression Master Mix (IDT #1055772) wekednivith 0.75 ul 20x human TERT TagMan Copy
Number Reference Assay (Thermo Fisher #4403316) as internal control, 0.75quy20gPCR assay
containing the genotyping primers (0.5 pmol/ul) and PrimeTime Eco Probe (0.25 pmol/uk HPLC
purified, IDT) accaling toTable 8nd 3 pl of DNastee HO per sample.

Per edited line25.4 pof thismaster mix was mixed with 6.54 pl gDNA dilutiprepared atl0 ng/ul)
From ths mix 15 ul were pipettedn duplicateinto a 96well qPCR plate (VR¥32-2934) Qg°CR was
run on a StepOnklus Realime PCR system (Thermo FisikE376600) according tdable 9Resulting
Ctvalues were normalized to internal TERT reference akargotypically normatontrol sample to
calculateallele copy humbers.

The procedure was repeated to exclude triplicati@ghe BCL2L1 locua common chromosomal
aberration that gives a growth advantage to iPSCs. For primers and prodalskee18and Table 8§
respectively
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Table8: QgPCRprimers and probegfor primer sequences se€able 1§.

Locus Primers Probe Seq#énce 506
APP Exon 17 0OL1209/0L1212 56-FAM/CCTCCACCA/ZEN/CACCATGATGAATGGA/3IABKFQ
BCL2L1 BCL2L1_F/BCL2L1_R 56-FAM/ITGTGGAAGA/ZEN/GAACAGGACTGAGGC/3IABKFQ
Table9: QgPCR program
Step Temp [°C] Time [mm:ss] Cycles

Polymerase activation 95 05:00 1

Denaturation 95 00:15

Annealing/extension 60 01:00 40

Hold 10 b 1

2.8.3. Offtargetanalysis

For each sgRNAotential off-target (OT) editingsites were predictedby CRISPOR online tool
(http://crispor.tefor.net/). Editedcell lines weraghen testedto excludealterationsat the top five off-
targetloci. A 50 ul PCR was performed to amplifgleafftargetlocususing primer combinationas

in Table 10and the PCR programs in Table 5 Off-target editing was then excluded by Sanger
sequencing.

Tablel0: Primers usedfor top five off-target editing sitesfor each mutation(primer sequences se€able 1§.

oT APPAT APP!be

1 OL1512/0L1513 OL1522/0L1523
2 OL1546/0L1547 OL1524/0L1525
3 OL1516/0L1517 OL1526/0L1527
4 OL1518/0L1519 OL1528/0L1529
5 OL1520/0L1521 OL1530/0L1531

2.8.4. Clonality check

Toconfirm clonality each edited linevassplit into single cells using Accutase g@hated as single cells
on 10 cm dishegAt least 30 clones wengicked into 96well plates and screeneasing RFLP assay
in2.7..

2.8.5. Furipotencystainings of iPSCs

To confirm pluripotency in edited cell linesxpressiorof commonpluripotency factors Oct4, Tral60,
SSEA4 and Nanog wasalyzedoy immunofluorescencetaining (seeTable 14or antibodies) To this
end,iPSCs were splitith EDTA as iB.2on acidetched coverslip§VWR #30-2190 coated withVTN
For acidetching, coverslips were incubated in 30 % hydrochloric acid (Carl R¢8B6¢2 over night
at RT on an orbital shaker. @oslips were then washed 3x 10 min in d@Hand stored in 100 %
ethanol (VWR £20.821.310. iPSC coloniegere fixed2-3 daysafter the splitusing 4 % PFA (Morphisto
#1.176.201.00Dfor 10 min at R&nd stained as described 2.14..

2.8.6. Molecular Karyotyping

To exclude large chromosomal aberrations on a global stalg| (50100 ng/pl)of fresh gDNArom
eacheditedline were sent to HelmholtzZentrum Minchen for molecular karyotyping analysis.

2.9. Cortical neuron differentiatiorom iPSCs

Cortical neuron differentiation was performed using a custom protocol based orsiAD inhibition
as described befor&* iPSCs were split into single cells using Accuaasa2.5., resuspended i2/3
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of Essential 6 media (EGable 1) mixed with 1/3neural induction medium (NITable 1) and
supplementedwith 10 pMRland 5 pM XAV93€a WNT inhibitor that has been shown to promote
cortical forebrain neuron differentiatiotf®), and plated on Gtoated 12well plates at 1 million cells
per well Edayin vitro0 (DIV0))On DIV1, media was changed to 1/3 E6 + 2/3 Nbleapented with 5
KM XAV939. On DIV2, media was changed tONDI/7, cells were split ito high-densityspots on
dried 6well plates coated 4 hours witholy-L-ornithine (@O, SigmaAldrich#P4957 diluted 1:100 in
ddH2Q andovernight withlaminin (L, Thermo Fishé23017015 diluted 1:100 in PBSBefore cell
dissociationthe laminin solution waaspirated,and the plates were left open to dig a laminar flow
hood. Cells weresplit with Accutasefor 10 minand resuspended in Mupplemated with 10 uMRI
(NI/RI)at 30 million cells per ml. 25850 pl of the cell suspension wes®wlyadded toeach well to
form spots.After one hour 2 ml NI/RIwere carefully addedo each well. On DIV1@nedium was
changedo neural maintenance mediunNM, Table 1) supplemented with 20 rignl bFGF (Stemcell
Technologieg#78003.2) (NM/bFGF)for two days. Cells weréhen maintained in NM until neural
rosettesformed andpiled up (around DIV2e3). At this point cells were incubateth 1 ml StemDifft
Neural Rosette Selection Reagent (NRSR, STEMCELL Tech#b&Rfi¢dor 6690 min at 37 °C.
Rosettes from the center of the spot wetken manually isolated using a pipette tip, spun dgwn
carefullyresuspended in NM/bFGIB keep rosettes intagtand plated onpOL-coated 6well plates.
Cells were fed with NM/bFGfer 1-2 days and then kephiNM until rosettes became conflue(@I\28-
31). Onthis day rosetteswere carefullydissociatedrom each othewith Accutase€or 4 minand the
rosettes were plated opOL-coated 6well plates in NM/bFGFAgaincells werefed with NM/bFGFRor
1-2 more days, themaintained in NM until DI\&38 and therfrozen. Tahis end,rosetteswere split
with Accutasdor 4min, resuspended in cold neuron freezing medi(iM with 10% DMSO and 20 ng
mlt bFGF, transferred to-80 °C and after 24 hours to liquid N2 for lelegm storage

Thawing of rosettes waperformed as described for the iPSCs, lngettes weretransferred into
Neurobasal medium instead of DMEMIR. One vial of rosettes was plated on @@l-coated 6well
wellin 2 ml NM/bFGFCelks were fed withNM/bFGF agaifor two days after thawingthen with NM
as neededintil they were split for 2D or 3D cultures

Table11: Composition of media focortical neuron differentiation and maturation

Essential 6 Medium (E6) [mi]
DMEM/F-12 (Thermo Fisher #11320-074) 482
L-ascorbic-acid-2-phosphate (Sigma-Aldrich #A8960, dissolved to 64 mg/ml in H20) 0.5
Insulin-Transferrin-Selenium (ITS -G, 100X) (Thermo Fisher #41400045) 9.7
HEPES (Sigma-Aldrich #H3375, dissolved to 1 M in H20) 7.5
Neural Maintenance Medium (NM) [mi]
Neurobasal (Thermo Fisher #21103-049) 235
DMEM/F-12 (Thermo Fisher #11320-074) 235
Penicillin-streptomycin (Thermo Fisher #15140-122) 5
B27 supplement with Vit. A (Thermo Fisher #17504044) 5
GlutaMAX (Thermo Fisher #35050) 5
NEAA (Thermo Fisher #11140-050) 5
N-2 supplement (Thermo Fisher #17502048) 25
Insulin (500 pg/ml) (Sigma-Aldrich #10516) 25
2-Mercapto-ethanol (Thermo Fisher #21985-023) 0.45
Neural Induction Medium (NI) [mi]
NM 100
SB-431542 (Selleckchem #S51067) 10 pM
LDN-193189 (Selleckchem #52618) 0.25 uM
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NB+/B27+ [ml]
Neurobasal Plus (Thermo Fisher #A3582901) 485
Penicillin-streptomycin (Thermo Fisher #15140-122) 5
B27PLUS (Thermo Fisher #A3582801) 10
GlutaMAX (Thermo Fisher #35050) 1.25
Table12: Composition of media for astrocyte differentiation
Glial Precursor Expansion Medium (GEM) [mi]
DMEM/F-12 (Thermo Fisher #11320-074) 475
Penicillin-streptomycin (Thermo Fisher #15140-122) 5
B27 supplement without Vitamin A (Thermo Fisher #12587-010) 10
GlutaMAX (Thermo Fisher #35050) 5
N-2 supplement (Thermo Fisher #17502048) 5
bFGF (StemCell Technologies #78003.2) 10 ng/ml
EGF (Peprotech #100-15) 10 ng/ml
Astrocyte Induction Medium ( AIM) [mi]
DMEM/F-12 (Thermo Fisher #11320-074) 475
Penicillin-streptomycin (Thermo Fisher #15140-122) 5
B27 supplement without Vitamin A (50x, Thermo Fisher #12587-010) 10
GlutaMAX (Thermo Fisher #35050) 5
N-2 supplement (100x) (Thermo Fisher #17502048) 5
LIF (Peprotech #300-05) 10 ng/ml
EGF (Peprotech #100-15-100) 10 ng/ml
Astrocyte Medium (AM) [mi]
DMEM/F-12 (Thermo Fisher #11320-074) 480
Penicillin-streptomycin (Thermo Fisher #15140-122) 5
B27 supplement without Vitamin A (50x, Thermo Fisher #12587-010) 10
GlutaMAX (Thermo Fisher #35050) 5

2.10. Astrocyte differentiatiorfrom iPSCs

Initially, differentiation of iPSCs to astrocytes was performed following the protocol by TCWigh al.
minor modifiations.iPSCs were differentiated as in the cortical neuron differentiation protocol up to
DI\23-26, 3 days after the NRSR split. On this dagettes were split using Accutase and plated into
GT-coated 6well wells at 70.000 cells/ml in NM/bFGF The nextday, media was changedo
commercially available astrocyte medium (ScienCe¢%801) with all supplements. Cells were fed
every 23 days as needed, and split again with Accutase to 70.000 cells/ml when reaching confluency.
After 30 days in astrocyte medium, cells were used for experiments or froZ&d6astrocyte medium
with 20% FBSnd 10% DMSQAs the protocol uses serum exposuwehich activates the cells, and
cells did not survive in the medium used for-amdtures with neurons, another protocol was
established and optimizedof the majority of experiments (Figures -18). % iPSCs were
differentiated as inthe cortical neuron differentiation protocol up to DIVF1% whenrosettes were
first visible.Media was then changed to glial precursor expansion medium (QiEbkle 12 and
exchanged every day. 3 days later, rosettes were split using NRSR as des&@i@edto pOl-coated
6-well wells in GEM. When reaching confluency, rosettes were split using Accutase and plated into GT
coated 6well wells at Imillion cells/ml. Media was exchanged again every dag cells were split
using Accutase when confluent. Afte4-21 days, media was changedastrocyte induction medium
(AIM, Table 12 to induce neural to glial precursor cell transitiémom this point on, Wwen confluent,
cells were split using Accutase and plated ind8ated 6well plates at 0.5nillion cells/ml. After 14
days, media was changed &strocyte medium AM, Table 12 supplemened with 20 ng/ml CNTF
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(Peprotech #45@.3)to induce astrocyte differentiation and maturatio@ells were fed with AM+CNTF
and splittedas needed for 28 days, then media was changed to@alls can be frozen at any step of
the protocol in the respective adium supplemented with 10 % DMSO.

Thawing of astrocytes was performed as described for iPSCs, but after centrifugation cells were
resuspended in AM, plated onto &dated 6well plates, and fed with AM until they were split for 2D
or 3D cultures.

2.11. Microgia differentiationfrom iPSCs

Differentiation of iPSCs to microglia was performed following the protoctdQuade et al*>? with

minor modifications?®°. iPSCs were split with PBS+EDTA as desdril&8when 7080 % confluent

and plated at low density (1:1680:200 splitto get around 40 colonies per welbn GTcoated 6well

plates in E8F medium. The next day (DIV0), media was changed to Med{liabla 13 of the
StemDifft Hematopoietic Kit (StemCell Technologies #05310). Half of the media was changed on DIV2.
On DIV3, media was changed to Mediur(iTBble 13. On DIV5 and 7, again half of the medium was
replaced, on DIV10 1 ml of medium was added on top. On DIV12 the emerged, floating hematopoietic
precursor cellsHPCs) were harvestedpun down at 30@ for 4 minandeither frozen in BamBanker

or plated on GToated 6well wells at160.000 cells/well in microglia differentiation medium (DM1,
Table 13. On DIV14 and DIV16, 1 ml of DM1 was added on top. On DIV 18 cells were washed off the
plate and 50 % of the medium was transferred to newo@dted 6well wells and on both new and

old wells 1 ml DM1 was added on top. On DIV20 aivPP again 1 ml DM1 was added on t@mn

DIV24 cells werevashed off the plate with a P1000 pipette, collected, spun down at 300 g for 4 min,
resuspended in NB+/B27+ media with the growth factors as in DM1 mediadaled on 3D cultures.

Thawing of HPCs was performed as described for iPSCs, but after centrifugation cells were
resuspended in DM1, plated onto @dated 6well plates, and fed with DM1 as described above until
they were collected for 2D or 3D cultures.

Table13: Composition of media for microglia differentiation

Medium A [mi]
StemDiffE Hematopoietic Basal Medium 45
StemDiffE Hematopoietic Supplement A 0.225
Medium B [ml]
StemDiffE Hematopoietic Basal Medium 75
StemDiffE Hematopoietic Supplement B 0.375
Differentiation medium (DM1) [mi]
DMEM/F-12 (Thermo Fisher #11320-074) 457.5
Penicillin-streptomycin (Thermo Fisher #15140-122) 5
B27 supplement (with Vit. A) (Thermo Fisher #17504-044) 10
GlutaMAX (Thermo Fisher #35050) 5
NEAA (Thermo Fisher #11140-050) 5
N-2 supplement (Thermo Fisher #17502048) 25
Insulin (500 pg/ml) (Sigma-Aldrich #10516) 5
Insulin-Transferrin-Selenium (ITS-G, 100x) (Thermo Fisher #41400045) 10
Monothioglycerol (Sigma-Aldrich #M1753-100ML) 0.0173
IL34 (Peprotech #200-34) 100 ng/ml
TGF-b (Pepr oil@RIC) # AF 50 ng/ml
M-CSF (Peprotech #300-25) 25 ng/ml
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2.12. Longterm 2Dcultures

To prepare 2D cortical neuron cultures, neural rosettes were split into singleéa@eidl-coated 12
well plates oronto pOl-coated, acieetchedcoverslips in 24vell plates.For the split, osettes were
incubated with Accutase for 302 min, washed off the plate with a P1000 pipet&d triturated 810
times toyield single cellsCells werecounted, spun down and resuspended in NB+/B27¥4ble 1)}
supplenmented with10 uM DAPT (Selleckche#is2215)at 1 million cellsper ml.1 million cells were
plated per 12well well and 0.5 million cells per 24ell wells. Twodays after plating, cells were fed
again with NB+/B27+ with 10 pM DAPT. Thaegs after platingnedia wasswitched toNB+/B27+
supplemented withlOuM DAPT, 5 pM Fluorouracil (8FU,SigmaAldrich#F6627)and5 pM Uridine
(SigmaAldrich#U3750).Afterwards, haltthe medium waschanged2-3x per week DAPT was added
for a total of 7 dayso promote terminal differentiation of residual NPGs-U anduridine were added
for a total of 10daysto kill residual dividing cells while maintaining RNA translation

To prepare 2D cortical neuremstrocyte cecultures, neural rosettes were split as described above.
Astrocytes were split using Accutase for 5 min, counted, and mixed with the neurons in a 1:3
(astrocytes:neurons) ratio. Cells were spun down, resuspended at 1 million cells/ml, and plated and
fed as dscribed above.

To prepare 2D cortical neureastrocytemicroglia cecultures,rosettes and astrocytes were split and
plated as described above. After the treatment with 5FU and uridine enaicloglia at DIV24 of
differentiation were washed off the platend collected, spun down, counted, and added on top of the
neuronastrocyte ceculturesin NB+/B27+ medium supplemented with 1L34, TGHd M-CSF as in
microglial differentiation medium DMIrable 13. 150.000 microglia were added per-&2Il well and
75.000 per 24nell well.

2.13. Longterm 3D cultureg, Matrigel cultures

To prepare 3D cortical neuron cultures, neural rosettes were split into single cells as desr2ilieq

but cells wereresuspended in low volumes of NB27+ meda, and mixed on ice with cold Matrigel
(Corning #1553620 using prechilled pipette tips, to a final Matrigel concentration dfig/pl and 25

Mio cells/ml For transwell cultures,00ul of the Matrigelcellsuspension were then transferred &

24-well transwell inser(VWR #34-0036) and left at 37°C for 30min to polymerize, beford mlof
NB+B27+ media was added to the 2dell well bottom compartment and 200 pl to the top
compartment For freefloating cultures,30 pl of Matrigelcellsuspension wasadded into dimples

made by pressing parafilm onto a P200 tip rack, polymerized again for 30 min at 37 °C and then washed
out of the dimples into 12vell wells using a P1000 tip and 1 ml of NB/B27+ media.

To prepare 3D neureastrocyte cecultures, neural esettes were split as described above. Astrocytes
were split using Accutase for 5 min, counted, and mixed with the neurons in a 1:3 ratio
(astrocytes:neurons), spun down and resuspended as indicated above to a total of 25 Mio cells/ml.

All cultures were fed with DAPT and 5FU as describ2d.ih

2.14. Longterm 3D cultureg, 3BTMs

To prepare3D cortical neuron cultures, neural rosettes were split into single cells as desiri®dd@.,
but cells were not platedn pOl-coated plates but transferred to ulilow attachment 9éwell round-
bottom plates SigmaAldrich#CLS70024EA) at 250.000 cells/well and spun down 4 min at @00
Cells were then fed as describedR.12 including supplementation with DAPT, 5FU and UridirE)
days after the split, aggregated 3D cultures were transferred towiE wells coated with anti
adherence rinsing solution (StemCell Technologies #07010) fotdamgculture.
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To prepare 3D n@ron-astrocyte cecultures, neurons and astrocytes were split as described for 2D
cultures, and plated again at a neusiaistrocytes = 3:1 ratio with a total of 250.000 cells, spun down
4 min at 300g and fed as describeid 2.12.

To prepare 3D neureastrocytemicroglia cecultures, neurons and astrocytes were mixed and
aggregated am 2.12. After the treatment with 5FU and uridine endexlltures were transferred to
ultra-low attachment 9éwell \Abottom plates (PHCBI #MB®96VZ). Mroglia at DIV24 were collected
and added asn 2.12 in NB+/B27+ media with 1L34, FTGEnd M-CSF40.000 microglia were added
per 3D cultureWhen microglia had migrated into the culturesq{4lays), cultures were transferred
back to 12well plates coated with antdherence rinsing solution for lortgrm culture.

For seeding experiments with APP/PS1 mouse brain lysates, brain lysate was obtained from Samira
Parhizkar (AG Haass, DZNE, Munich)pancesseds described previousKP. Brain lysate was added

when 3BTMs were generated at 1 pl lysate per culture. For seeding experiments with recombinant
A 42 (Holzel BiotechA4S72216, lyophilized A42 was resuspended at 5 mM in D®I&nd further

diluted in PBS to 100 uM. Resuspended peptide was incubated at 4 °C for 24 h before being frozen at
-80 °C for longerm storage. For experiments, recombinant4® was added into culture media at 1.25

MM on day 8, 10, 13 and 15, before MG wadded to the cultures.

2.15. Immunofluorescence stainings

For 2D immunofluorescence staining, cells were plated onqu@ted, acieetched cover slipas in
2.12 At theday of fixation, ells were washedncewith PBS and fixed with 4% PFA for 10 min at RT.
Cells were then washedith PBS foBx5 minand either stored in PBS with 0.02 % NaNstained
immediately. For stainings, cells webckedfor 1 hour at RTin blocking solutioncontaining3%
donkey serum (Jackson ImmunoResea#@h7-000-121), 0.1% Triton-X00 (Thermo Fishef85111)

and 0.02% NaiNSigmaAldrich#52889) in PB&nd thenincubated at 4 °C overnight with primary
antibodies Table 12 diluted in blocking solutiorlJnboundantibodies werewashedoff with PBS for
3x56 min andcells wereincubated with secondary antibodieSgble 14 and n -daenidino2-
phenylindole(DAPIThermo Fishe#D1306, stored as 5mg/ml stock solution, 1:50.000 dilution) diluted
in blocking solution for 2 hours at RT in the d&kls were then washed again for Sxminwith PBS,
andcoverslips were mounted on glass slidek€rmo Fishet#tJ1800AMNZh FluoromountG (Thermo
Fisher#00-495802). Coverslips were imaged with a fluorescent microscope (Zeiss Axio Observer Z.1
and images were processauFiji 2%

3D cultures were washed once with PBS and fixed with 4 % PFA for 30 min at RT. Cultures were washed
with PBS for 3x 30 min and transferred into 30 % sucrose in PBS with 0.0 @vélaight at 4 °C.
Cultures were thertransferred intoOCTcompound (Sakura Finetek Tisshek O.C.T. Compound,
Fisher Scientific #2351753) cryosectioned using heica CM1950 cryotomiato 40 um thick slices
transferred into PBS + 0.02 % NaNd stored at 4 °C or stained immediately. Foirsteys,slices were
mounted onto glass slideslried on a heated plate at 45°C, surrounded with a liquid blocking line
(Super PAP Pen, Science Services #NdR1&hydrated with MilliQ D and transferrednto a
humidified box. Slices werglocked for 1 hour at RT and incubatedernightat 4 °C with primary
antibodiesdiluted in blocking solutiorPrimary antibodies were washed off with PBS for 3x 20 min and
cells were incubated with secondary antibodezsd DAPI as described for 2D stainings. Slices were
washed again with PBS for 3x 20 min in PBS and mounted in Fluoroc@oumder cover glasses
(Marienfeld #107222)TUNEL stainings were performed on slides as described above usingSite
Cell Death Btection Kit, TMR redSigmaAldrich #12156792910 | OO2 NRAyYy 3 (2 YI yc
instructions.Samples were imaged using a Zeiss LSM 880 confocal micrasiogd 0x, 40x and 100x
objectives on ZEN black softwaesnd images were processeaid analyzedvith Fiji. TUNEtpositive
cells, Ki6®ositive cells, DARlositive cells and iA puncta were quantified by thresholding the
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NEf S@Fyid OKFyySt |yR &dzo &Sl dzSy (ByndpieS weteTuaiitifes
using the SynQuant plugit? 3D surface renderings of synapses on/in microgiae done using

Gl yl

Imaris Version 9.4 (Oxford Instruments).

Tablel4: List of primary and secondary antibodiessed for stainings

Antibody | Species Manufacturer Reference | Dilution
Primary antibodies
AT270 Mouse Thermo Fisher MN1050 1:200
CTIP2 Rat Abcam ab18465 1:300
K9JA (Tau) Rabbit Dako A0024 1:1000
MAP2 Chicken Millipore AB15452 1:1000
NANOG Rabbit Cell Signaling 4903 1:500
OCT4 Rabbit Stemgent S090023 1:500
PSD95 Mouse Thermo Fisher MA1-046 1:250
SSEA4 Mouse Abcam ab16287 1:500
Synapsin-1 Rabbit Cell Signaling 5297 1:500
TRA-1-60 Mouse Millipore MAB4360_2016625 1:500
82E1( Ab) Mouse IBL/Tecan JP10323 1:100
GFAP Guinea pig Synaptic Systems 173004 1:500
Ibal Rabbit Thermo Fisher PA5-27436 1:500
Ki67 Rabbit Abcam ab15580 1:500
Cleaved Caspase 3 Rabbit Cell Signaling 9664 1:500
SATB2 Mouse Abcam ab51502 1:100
GLAST Mouse Miltenyi Biotec 130-095-822 1:200
GLT1 Guinea Pig Sigma-Aldrich AB1783 1:300
S1006b Mouse Sigma-Aldrich S2532 1:300
TuJl Rabbit Covance MRB-435P 1:500
AQP4 Rabbit Alomone labs AQP-004 1:200
PU.1 Rabbit Cell Signaling 2258 1:300
CD11b Rabbit Novusbio NB110-89474SS 1:400
CD68 Rabbit Bio-Rad MCA1957 1:100
Hyaluronic acid binding protein-Biotin recombinant | Holzel-Biotech HKD-BC41 1:100

Secondary antibodies

Anti-chicken Alexa Fluor Plus 488 Goat Thermo Fisher A32931 1:500
Anti-chicken Alexa Fluor Plus 647 Goat Thermo Fisher A32933 1:500
Anti-mouse Alexa Fluor Plus 488 Donkey Thermo Fisher A32766 1:500
Anti-mouse Alexa Fluor 647 Donkey Thermo Fisher A31571 1:500
Anti-rabbit Alexa Fluor 568 Donkey Thermo Fisher A10042 1:500
Anti-rabbit Alexa Fluor 647 Goat Thermo Fisher A27040 1:500
Anti-rat Alexa Fluor 488 Donkey Thermo Fisher A21208 1:500
Anti-rat Alexa Fluor 647 Goat Thermo Fisher A21247 1:500
Anti-Guinea Pig Alexa Fluor 488 Goat Thermo Fisher A11073 1:500
Anti-Guinea Pig Alexa Fluor 568 Goat Thermo Fisher A11075 1:500
e o oo, A" vonkey | Ja0eon ren || waoom
Sg?:t anti-Chicken IgY (H+L) Antibody, Goat Thermo Fisher A16054 1:10.000
e a1 DN A T ooy | e e | 7150151 | 10000
Avidin-FITC - Thermo Fisher 434411 1:500
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2.16. Amyloidi Y S| & dzMBupednyitang

Quiture supernatant was conditioned fd days,collected into 1.5 ml tubes on icepun down for 5
min at 300g at 4 °Cflash frozen in liquid nitrogeand stored at80 °Quntil all samples were collected
After thawing on icesupernatants were spun at 11,0@0for 10 min at 4 °Gnd used to measure

SSONBGSR !ioy>X !linAat[9gR tfdza UzZ&AY BEIGN&SScald y St wm
Discovery#K152008 | OO2 NRAYy 3 (2 Y| y dzFdalCuinezbli@NiDgE N g &8 NHzO
measurements from the thredifferent isoforms weresummed upFor eactsample,! | gt dzSa & SN

normalized to total proteiror RNAlevelsextracted from lysatef the cultures used to condition the
media.Protein etractions were done with thBlucleoSpin RNA/Protein Kit (Macheidggelt740993)
FOO2NRAY3I (2 YuctigrdzFotalpiownNByaldere Hefeiminedccording to Karlsson

et al.?*2as described in thkit and total RNA levels were determined on a Qubit 4 Fluorometer using
the QubitRNA High Sensitiviljt (Thermo Fisher@32852).

2.17. Sequential protein extraction

Protein was sequentially extracted from 3D cultures in 1) DEA buffer (0,2% DEA in 50mM NacCl, pH =
10), 2) RIPA buffefable 17 and 3) Guanidine buffer (buffer RP1 from Machéexagel RNA/Protein

Kit, withouti -mercaptoethanol). To reduce protein degradation, all buffers were supplemented with
protease inhibitor Signa-Aldrich#P8340, 1:200) and all steps up to addition of the Guanidine buffer
were performed on ice or at 4 °C.

Tablel5: Composition of RIPA buffer for sequential protein extraction

Component Final concentration

TRIS-HCIpH =75 20 mM
NaCl 15 mM
Na2EDTA 1mM
EGTA 1mM

NP-40 1%

Sodium deoxycholate 1%
Sodium pyrophosphate 25mM

MilliQ H20

For initial lysis, 125 3D cultures were pooled per sample, transferred into 100 pl DEA buffer and
dissociated using ceramic beads on a Precellys Evolution homogenizer at 6500 rpm for 30 sec at 4 °C.

The cell suspension was then centrifuged for 10 mi2580g and the supernatant was transferred to

an ultracentrifuge tube (Beckman Coulter #357448) without touching the pellet and spun down at
100.000gF2NJ on YAy ® ¢KS &dzZLISNYFGFyd 6a59! FNIOGA2YED
(pH = 675), transferred to a new, protein lowinding tube and flash frozen in liquid nitrogen. The

resulting pellet was resuspended in 20 pl RIPA buffer, combined with the pellet from the first
centrifugation step and homogenized again by pipetting20Gimes untilno clumps were visible. The

resulting suspension was ultracentrifuged at 100.apF 2 NJ on YAYy FyR (0KS adzLJ
FNF OlA2yé0 (NI yaTFsS NGB tube 2and flashyfrSzérs ThedeRIiing peflet wag &
resuspended in 20 ul Guanidine Bifby pipetting and ultracentrifuged at 100.0@Gor 30 min. The

NBadzZ GAYy3a adzZLISNY I GlFyd oabDdzr yARAYS FNIXOlA2yé0 O
transferred to a new, protein lovinding tube and flash frozen. Protein concentrations indfiterent

fractions were measured using Pierce BCA ProAssay (for DEA (undiluted) and Guanidine (1:2

diluted) fractions) and Pierce Detergent Compatible Bradford Assay Kit (for RIPA fraction, 1:10 diluted,
Thermo Fisher #23246). Before samples werdagdd SR dza A y 3 (i K-BLEX kit§6E10YzY | y !
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RIPA and Guanidine fractions were diluted 1:10 with Diluent 35 from the kit to ensure compatibility
with the assay. MSD assay results were normalized to total protein levels for each fraction and sample.

2.18. SDSPAGE and Western Blotting

Total protein was extracted with the NucleoSpin RNA/Protein Kit (Macheagp!#740933) ac
O2NRAY3I (2 YI ydzf or GsiddshibadIR 22 (foy/phdspaizAad (egit@pgsi-5 ug of
protein were separated onl0% TRISlycine gelhandcasted using thdGX Stairreet FastCast
Acrylamide Starter Kit, 10¢Bio-Rad #1610183, first at 80 V for 25 min then at 120 V fo21,in a
Mini-Protean Tetra Cell -&el System attached to a Biorad PowerPac PiGteins were then
transferred to nitrocellulose membranes,4& um pore size, VWRL8600003 at 100 V for 1 lon ice
For runnng buffer and blotting buffer se€ablel6.

Table16: Composition of buffers used for SEFFAGE and Western Blot

Running buffer for SDS -PAGE Final concentration
TRIS base (AppliChem #A2756.0500) 25 mM
Glycine (Sigma-Aldrich #G8898-500G) 192 mM

Sodium dodecyl sulfate (SDS, Carl Roth #CN30.2) 1mM

Blotting Buffer for Western Blot

TRIS base (Sigma-Aldrich 25 mM
Glycine (Sigma-Aldrich #G8898-500G) 192 mM

Methanol (Carl Roth #0082.3) 20 %

TBS

TRIS base 20 mM

NaCl 137 mM
Adjust pH to 7.6 with HCI, add 0,1 % Tween-20 for TBS-T

Membranes were blocked i8 % BSASigmaAldrich #A941§ in TBY (Table16) and incubated in
primary antibody Tablel4, AT270 1:400, K9JA 1:10.0001 % BSA in TBvernightat 4 °C. After

3x 10 min washes in TBS HRPabeled secondary antibodie¥gblel14) were added for 1 h at RT in
the same diluent as priary antibodies. After 3x 10 min washes in -TB8otein signals were detected
using Clarity Western ECL Substrate (BioRad #I08D) on a Fusion Fx7 imager (Vilber). Band
intensities were measured using FiJi.

To detect A, the protocol was altered as follows: Proteins were separasdg TricineSDSPageon
a handcasted, threelayered gel as shown iFablel7, based on a published piatol*+24with minor
modifications

Tablel7: Composition of gels for iAwestern blot

Stacking gel Intermediate gel Resolving gel
38 % Glycerol 1,6 ml
ddH20 1,4 ml 1,2ml
30 % Acrylamide 0,3ml 0,8 ml 2,7ml
3M TRIS HCI, pH =8.45 1ml 2,14 mi
1M TRIS HCI, pH = 8.45 0,3ml
10 % SDS 20 pl 30 pl 60 pl
10 % APS 20ul 30u 60 pl
TEMED 2ul 3ul 3ul
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SDSPAGEwas performed with separate anode and cathode bufférsode buffer was made of 0.2 M
TrisHCI (pH = 8.9), cathode buffer was made of 0.1 MH@E 0.1 M Tricine and 0.1 % SP&els

were run at the same time for 40 min at 70 V followed by 90 min 8t\12Proteins were transferred
onto 0.2 pum nitrocellulose membranes (VWR.@60001) for 50 min at 100 V in blotting buffer as
described above, but without methanol. After transfer, membranes were immediately boiled in PBS
for 5 min, then blocked in 4 % iin TBS for 1h andorocessed as described abowéh antibodies
diluted in 2 % milk in TBB

2.19. Electrophysiological measurements

Experiments were performebly Dr. Lars Paeger at AG Herms (DZNE Mumiickljces from @nonth-

old 3D cultures. Sections wecut after embedding the 3D cultures in 4% Jo&lting point agarose.
Agarose was prepared ~12 hours prior to experiments and stored in small plastic cubes overnight at
4°C Before slicing, agarose in plastic cubes was heated in a microwave and pufiiialgfesfor ~2 min

until temperature dropped to ~35°GD cultures were transferred from culture mediunto agarose

using a small glass pasteur pipette. Quicktiarose including 3D cultures were placte20°C for 30

60s until agarose became rigid. Sefuently, the agarose block was trimmed and glued on the
specimen holder of vibratome and placed in ice cold-42C) cutting solution contaiimg (in mM):
NMDG, 2.5 KClI, 2 MgCI2, 2 CaCl2, 1.2 NaH2P04, 10 HEPES, 21 NaHCO3, and 5 Glucose adjusted to pH
7.2 with HCI. Sections were recoeerfor 15 mins in preheated (36°C) cutting solution and680
minutes atRTin normal aCSF containifig mM). 125 NacCl, 2.5 KCI, 2 MgClI2, 2 CaCl2, 1.2 NaH2PO4,
21 NaHCOg3, 10 HEPES, and 5 Glucose adjusted to pith7/NAaOH While recording, sections were
continuously superfused with carbogenated aCSF at a flow rate of ~2 ml/min and a temperature of 30
32°C.

Currentclamp recordings were performed in the perforated patch clamp configuration. Neurons were
visualized with a fied stage upright microscope (BX51WI, Olympus, Hamburg, Germany) using 60x
water-immersion objectives (LUMplan FL/N 60x, 1.0 numerical aperture, 2 warking distance,
hfeYLldzod 9f SOGNRRSAE gAOK (GAL) NBaAadl jtdaeSlmsso S 5SS
(0.86 mm inner diameter; 1.5 mm outer diameter; GBBB) Science Products) with a vertical pipette

puller (PGLO; Narishige, London, UK). All recordings were performed with an EPC10clzetgh

amplifier (HEKA, Lambrecht, Germaagitrolled by the program PatchMaster (version 2.32; HEKA).

In parallel, data were recorded using a micro1410 data acquidittenface and Spike 2 (version 10)

(both from CED, Cambridge, UK). Data were sampled at 25 kHz apddeMiltered at 2 kHz with a
four-pole Bessel filter. The calculated liquid junction potential of 14.6 mV between intracellular and
extracellular solutiors & O2Y LISy al 4§SR 2NJ adzo i N} OGSR 2FFfAYyS ¢
plugin from https://www.mpibpc.mpg.de/groups/neher/index.pipage=softwarefor IGOR Pro 6
(Wavemetrics, Lake Oswego, OR, USA)). Recordings were performed with pipette solution containing
(in mM): 147 Kgluconate, 10 KCI, 10 HEPES, 0.1 EGTA, 2 MgCI2 adjusted to pH 7.2 with KOH. ATP and
GTP were omitted from the intczllular solution to prevent uncontrolled permeabilization of the cell
membrane. The patch pipette was tip filled with internal solution and back filled with internal solution,
which contained the ionophore to achieve perforated patch recordings and 0202
tetramethylrhodaminedextran (3000 MW, D3308, Invitrogen) to monitor the stability of the
perforated membrane. Amphotericin B (A4888; Sigma) was dissoivBBO(D8418, Sigmdp a
concentration of 40ng/ml. The used DMSO concentratifth1%¢0.3%) had no obvious effeoh the
investigated neurons. The ionophore was added to the modified pipette solution shortly before use.
The final concentration ohmphotericin B was ~2@240 mg/ml. Amphotericin solutions were
prepared from undissolvedeighted samples (stored at°€ protected from light) on every recording

day. During the perforation processccess resistance (Ra) was constantly monit@ed experiments
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were started after Ra had reached steady statec@&bmin) or the action potendil amplitude was
stable.

Intrinsic characteristics were quickly determined using a set of depolarizing and hyperpolarizing
current injection either in perforated mode with stable action potential amplitude and/or membrane
potential or after themembrane ruptured spontaneously.

2.20. 2-Photon live cell imaging

Experiments were performed together with Dr. Severin Filser at AG Plesnila (ISE@iea BSM 7 MP
multi-photon microscopeusing aW PlanApochromat 20x/1.0 DIC D=0.17 M27 75nojective.

Cultures were immobilized in a 60 mm dish (VWR#2348) in 5ul droplets of lownelting point
agarose (Thermo Fisher #R0801): Agarose was heated until liquid, cooled down to ~40°C, 5ul droplets
were placed on the 60 mm dish, cultures were transferred onto tipeatithe droplets with a cut P200

tip, and normal culture media (NB+/B27+) was carefully added. Dishes were placed on a heat pad under
the microscope and imaging was started. Experiments were performed usirexifeRsing microglia

and an excitation wavehgth of 950 nm. Time lapse experiments -gtacks were done at 3x zoom for

15 minutes with 3345 seconds between acquisitions.

2.21. Singlecell RNA sequencing (scRNAseq)

To obtain a single cell suspension for sScRNAseq, cultures at 1 or 3 months of ageswratedid using
the Neural Tissue Dissociation Kit P (Miltenyi Biotec #580628). For each sample;8/cultures were
pooled and dissociated in a mix of 2.375 ml buffer X, 62.5 pl enzynteuPehzyme A0 ul buffer Y
and 11.25 pM Actinomycin [3igmaAldrich#A1410Q in gentleMAC# C Tubes (Miltenyi Biotec #130
093-237) on agentleMACSE Octo Dissociator (Miltenyi Biotec #1-895-937). A custom protocol was
usedas described iTablel7.

Table18: 3D culture dissociation protocol fogentleMAC% Octo Dissociator

Step Time (min) Rotation speed (rpm) Rotation direction
1 4.5 20 Counter-clockwise
2 0.5 100 clockwise
3 4.5 20 Counter-clockwise
4 0.5 250 clockwise
5 4.5 20 Counter-clockwise
6 0.5 300 clockwise
7 45 20 Counter-clockwise
8 0.5 300 clockwise
9 2 20 Counter-clockwise

After dissociation, the cell suspension was always kept on ice or at 4 °C during centrifugations, and all
plasticware was préreated with 1 % bovine serum albumin solution (BSA, from 7.5 % Stbekmno
Scientific #1526M37) to prevent cell adhesio.oprepare cells for fluorescem-activated cell sorting
(FACS), theell suspensiowvas transferred to 15 ml tubes (VWR #52861) through a 70 um cell
strainer prewet with PB&nd spun down at 30@ for 5 min. The supernatant was discarded, and cells
resugpended in 50 pl FACS buffer (Thermo Scientiiig-422226) and transferred to FACS tubes
(Corning #352052As always 8amples were to be pooled during FA@® cell suspension was then
incubated for 20 min with HashtagpupledAntibodes (Sample 1 witfiiotalSeq-B0251 anthuman
Hashtag 1 Antibody (Biolegend #394631), sample 2 Total88@52 anthuman Hashtag 2 Antibody
(Biolegend #394633Next, 1 ml of FACS buffer was added to wash and cells were pelleted again for 5
min at 300g and resuspended in 30Q FACS buffer. 5 min before sorting, DAPI was add@&Gt
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ng/ml to exclude dead cell§ingle, live ells were sorted on &ACSAria Fusion (BD Bioscienites)
cooled, 2 ml protein lowinding tubes (Eppendorf #0030108132) filled withml FACS buffer. The
same number of dés from samples 1 and 2 (labelledth different hashtag antibodigsvere pooled

into the same collection tuheSamples were then further processed, including GEM generation,
reverse transcription,itbrary preparatbon and sequencingy the Synergy Transcriptome Hualb AG
Beltran.

Cells were washed in 0.04% BSA/PBS and approximately 16,500 cells per sample were loaded onto the

10x Chip G (10x Genomics). Single cell gene expression and cell hashing libraries watedgene

G§KS mMnP DSy2YA0a / KNRYAdzY LXFGF2NY dzaAy3d GKS [/ KN
FOO2NRAY3I G2 GKS YIydzZHlI OGdzZNENREA LINRG202ft o6/ Dnnn
were sequenced on a NovaSeq 6000 S4 v1.5 flow tetifib).

Raw paireeend sequencing files of the GEX and cell hashing libraries were aligned to the human
GRCh38 reference genome and reference hashtag barcode sequences using 10x Genomics Cell Ranger
(v6.0.0). Filtered geneand hashingbarcode matrices ih unique molecular identifier (UMI) counts

that reached the threshold for cell detection were supplied into the R package Seurat (version 4.1.0).
Cells that expressed fewer than 500 genes and/or >15% mitochondrial reads, and genes expressed in
less thar3 cells were removed from the count matrix. Cell hashing raw counts were normalized using
centered log ratio (CLR) transformation, where counts were divided by the geometric mean of a
hashtag across cells and {obgnsformed. We filtered out doublets anatks where no hashtag was
detected. After QC, only raw gene counts in khigfality singlets were submitted to: lagprmalization;
identification of high variable genes by using the vst method; scaling; and regression against the
number of UMIs and mitochattial RNA content per cefl000variable features were supplied as input

to principal component analysis (PCA). The firalimensions were used to assign the cells to
transcriptional clusters with the Seurat functions FindNeighbors and FindCliéteas a cluster
resolution of 0.5 using a grapibased clustering approach incorporating Louvain modularity
optimization and hierarchical clusterindJMAP was calculated using the first dimensions.
Differentially expessed genes between each cluster and all other cells were calculated using the
FindAllIMarkerdunction. Cell clusters were annotated by combination ofregulated genes for each
cluster and visual inspection of key markers usimgAPvisualization.

2.22. Mass pectrometry

For mass spectrometry analysis, 3D cultures were washed once with PBS and then dissociated in RIPA
buffer (Table 16 supplemented with proteaseinhibitors (SigmaAldrich #4693159001)and
phosphatase inhibitorgSigmaAldrich #4906845001)using ceramic beads (VWR #4B293) on a
Precelly® Evolution homogenizeas in2.18. For each sample, three 3D cultures were pooled to
increase total protein yieldAfter dissociation, the lysates were transferred to 1.5 mdtgin low-
binding tubes (Eppendorf #0030108118) e and centrifuged for 20 min at 18.0@0and 4 °C.
Supernatants were transferred to a new, 1.5 ml proteindowding tubeand proteinconcentratiors
were measured using Pierme BCAt ProteinAssay (Thermo Scientific #2322i0llowing the

Y |y dzF | OnstdadidnNabtBe microplate assagamples were then frozen &0 °C until analysis.
All further processing, including sample preparation aamhlysis, was performedn the Synergy
Proteome hub

Table19: Composition of RIPA buffer for Mass spectrometry

Component Final concentration
Milli-Q water
HEPESI KOH, pH 7.5 50mM
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LiCl 500mM
EDTA, pH 8.0 1mM
Igepal (NP40) 1%
Sodium desoxycholate 0,7%

2.22.1.Sample Preparation

A protein amount of 15 g pesample was subjected to tryptic digestion. First, 200 mM MgCI2 was
added to a final concentration of 10 mM and DNA was digested with 25 units Benzonase (Sigma Aldrich,
US) for 30 min at 37°C. Proteins were reduced at 37°C for 30 min with 15 mM dithigitiBEiRT)
followed by cysteine alkylation with 60 mM iodoacetamide (IAA) for 30 min at 20 °C. Excess of IAA was
removed by adding DTT. Detergent removal and subsequent digestion \®ifligOLysC and,® g

trypsin (Promega, Germany) was performed using $ireglepot, solidphaseenhanced sample
preparation as previously describé&d. After vacuum centrifugation, peptides were dissolved in 20 pL
0,1% formic acid (Sigma Aldrich, US). Peptide concentrations after tryptic digestion were estimated
using the Qubit protein assay (Thermofisher Safentus).

2.22.2.L.GMS/MS analysis

350 ng of peptides were separated on a nanoElute nanoHPLC system (Bruker, Geranaimfiouse

packed C18 analytical column (15 cm x 75 um ID, ReproiSii20 C18\Q, 1.9 um, Dr. Maisch GmbH).
Peptides were separated withldnary gradient of water and acetonitrile (B) containing 0.1% formic
acid at flow rate of 300 nL/min (0 min, 2% B; 2 min, 5% B; 94 min, 24% B; 112 min, 35% B; 120 min,
60% B) and a column temperature of 50°C.

The nanoHPLC was online coupled to a TimsTO@Mpass spectrometer (Bruker, Germany) with a
CaptiveSpray ion source (Bruker, Germany). For relative protein quantification, a Data Independent
Acquisition (DIA} Parallel Accumulation Serial Fragmentation (PASEF) method wa&¥4&&dth scan

cycle included one full MS scan followed by 34 windows of 26 m/z width (1 m/z overlap) covering an
m/z range of 35@1200 using 2 windows per PASEF ramp of 100 ms. This resulted in a cycle time of 1.9
s.0ne measurement per lysafeom 3D culturesvas performed.

2.22.3.Data Analysis

The MS raw data was analyzed with the SoftwareMNA(Version 1.8Y°. First, a spectral library was
generated in DIAN using 24 samples. Trypsin was defined as protease and 2 missed cleavages were
allowed. The data was searched against a cara one protein per gene human protein database
from UniProt (download: 20201-18, 20600 entries). Oxidation of methionines and acetylation of
protein Ntermini were defined as variable modifications, whereas carbamidomethylation of cysteines
was definedas fixed modification. The precursor and fragment ion m/z ranges were limited from 350
to 1200 and 200 to 1700, respectively. Peptide and peptide fragment tolerances were optimized by
DIANN. The match between runs option was enabladFRR threshold df% was applied for peptide

and protein identifications. The generated spectral library includes 12550 protein isoforms, 13783
protein groups and 187812 precursors in 149807 elution groups. Afterwards, all samples were
searched against this spectral libravith the same settings for protein lab&lee quantification (LFQ).

Keratins were deleted from the results tables because of likely skin particle contaminations. For
statistical analysis, results from all iPSC derived cultures were compared with eaclhytheans of

cell composition, culture time, and APP mutations. Therefore, only proteins were considered which
were quantified in all 6 replicates of at least one experimental group. After log2 transformation of LFQ
intensities, missing log2 LFQ interestiwere imputed from a normal distribution using a width of 0.3
standard deviations of the data with a downshift of 1.8 using the software Perseus (Version 1.6.14.00)
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250 To account for multiple comparison, first a emay Anova test was used tletermine if there are

any statistically significant differences between the means of experimental groups. Afterwards,
AY RA @A R dzl festdwirdzappligditcedaludte proteins with significantly different abundances
between the experimental group#&dditionally, a permutation based false discovery rate estimation
was used witran FDR of 5% at sO = 0.1 as threshold to take multiple comparisons into account.

UniProt subcellular location annotations were added based on the protein group accession numbers
(download: 201906-18).

2.23. Statistical analysis

No statistical methods were used to predetermine sample size and the experiments were not
randomized. Experimentalata was analyzed for significance using GraphPad Prism 9. Multiplicity
adjusted p < 0.05 was considered statistically significant. Significance was analyzed elttestbyif

only 2 groups were comparedneway ANOVAf more than 2 groups were comped with 1
independent variable, twavay ANOVA if more than 2 groups were compared with 2 independent
variables and mixed models if more than 2 groups were compared with 2 independent variables and
single missing valueMultiple-comparison postestingwith 5 dzy" y* Stiidi| (8#esQ aR dthodwas
performedas recommended by the softwarall graphs are shown as mean + standard deviation (SD).
zp < 0.05z p<0.017z zp= 0.0012z z p<O.0001

Table20: Primer IDs, Names and Sequees according to the PaquetLab database

1D Name Sequence

OL1206 APPswe 4R DP ATCCTATAGGCAAGCATTGTATTTTTA
OoL1207 APPswe 5F DP GGGTAGGCTTTGTCTTACAGTGTTAT
OL1208 APP_Intron16_F1 JK CAACCAGTTGGGCAGAGAAT

OL1109 APP_Intron16_F2 JK CCAAATGTCCCCTGCATTTA

OL1212 APP_Intronl17_R3 JK CATGGAAGCACACTGATTCG

0OL1240 D1S80-F_IW GAAACTGGCCTCCAAACACTGCCCGCCG
OL1241 D1S80-R_IW GTCTTGTTGGAGATGCACGTGCCCCTTGC
OL1512 JK_gR58_offtarget_1_F1 ATCGTCAGGCTGTTTCCATC

OL1513 JK_gR58_offtarget_1_R1 CAGCCCTTAATGATCCCAGA

OL1516 JK_gR58_offtarget_3 F1 TTGAAAAGCATGGGGTTCTC

OL1517 JK_gR58_offtarget_3 R1 GCTTCCACAGGAGGACTCAG

OL1518 JK_gR58_offtarget_4 F1 CCAGGAGCAGGAAGTCAGG

OL1519 JK_gR58_offtarget_4 R1 TTGCAGATGTGGCCATAAAA

OL1520 JK_gR58_offtarget_ 5 F1 TCCTGTCATTTGGAGCACAG

0OL1521 JK_gR58_offtarget_5_R1 TGAGGACAGCAGGTCAACAG

OL1522 JK_gR133 offtarget_1_F1 TTGTCCATTTGGGGAAAAA

OL1523 JK_gR133 offtarget_1_R1 TGAGAATGAGACTCAGCAGTAATGT
OL1524 JK_gR133 offtarget_2_F1 ATTGAAGCAAGTGCATGGTG

0OL1525 JK_gR133_offtarget_2_R1 GGAAAAGAGAAGGAGGAAGAGG
OL1526 JK_gR133 offtarget 3 F1 TGCTCATCAAGAAGGCATTG

OL1527 JK_gR133 offtarget 3 R1 AGTCGCCTTGAGATGAGAGC

0OL1528 JK_gR133 offtarget 4 F1 GGTCCCATTGAATCTGCTGT

OL1529 JK_gR133 offtarget 4 R1 CCTGGTAAAAGTTTGGGAGGT
OL1530 JK_gR133 offtarget 5 F1 TGGTTTTCCCAAGGAAGAAG

OL1531 JK_gR133 offtarget 5 R1 GGTTTCTGCTGACAAATCTGC
OL1546 JK_gR58_offtarget 2 _F3 CCAGGGAATAGTGGAAGGTG
0OL1547 JK_gR58_offtarget 2 R2 CCAGGCATGCATTTGTCTTT
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BCL2L1_F

BCL2L1 CNV assay F Set 1

GGTGGTTGACTTTCTCTCCTAC

BCL2L1 R

BCL2L1 CNV assay R Set 1

TCTCCGATTCAGTCCCTTCT
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3. Results

3.1. Differentiation of human iPSCs imeurons, astrocytes, and microglia

The first aim of this thesis walse development of a novePS@basedcortical tissuemodel made of
multiple humanbrain cell typesn a 3D tissudike environment We therefore first established the
differentiation of healthy donor iPSCs into cortical neurons, astrocytes, and micieigimel1).

0 10 2‘0 40days
SB431542, LDN19318®Retinoic acid, bFGF Retinoic acid, bFGF after splits
Neural induction Rosette formation Rosetteexpansion / neuron differentiation

(DuatSMAD inhibition)
+ 2 days XAV939

0 10 2‘0 50days
— ¢!

Proprietary growth supplement + 2 % FBS

Gliogenic switch / TAS differentiation

0 10 1‘5 2‘2 3‘6 64days
— |
bFGF, EGF LIF, EGF CNTF
NPC expansion Gliogenic switch, AS differentiation

GPC expansion

0 3 12 24days

Hem A Hem B IL34, TGF, M-CSF
HPC differentiation MG differentiation

Figure 11: Differentiation protocols for iPS@erived brain cell typesCortical neurongNE)were differentiated by dual

SMAD inhibition and initial Wnt inhibition to push cells into the forebrain lineage. Cells were then kept at high dehsity wit
supplementation of retinoic acid and bFGF until neural rosettes formed. Rosettes were expandgld @emsity until early
neurons formed in the culture around day 48strocytes were initially differentiated according to the protocol published by
TCW et al?51 (TAS) Cells were treated as for NE differentiation until Day 2@nthosettes were split into single cells and
media was changed to commercial Astrocyte Medium (ScienCell) supplemented with the proprietary growth supplement and
2 % FBS to induce the gliogenic switch and astrocyte differentiation for 30 Alsyserum expsure has been shown to
activate astrocyte$2, and the resulting cells did not survivetive medium used for cgultures with neuronsthe protocol

was later changedndastrocytes(AS)were generatedas published by Pgot et al. 161, To this end, ells were treated as for

NE differentiation until Day 15, then rosettes were split into single cells and treated with bFGF and EGF to expand neural
progenitor cells (NPCs). To induce gliogenic switch to glia progenitor cells (GPCs), cétiateetavith LIF and EGF for 14

days. The resulting GPCs were treated with CNTF for 28 days to induce astrocyte differentiation and maulicabgtia

(MG) differentiation wasadopted and optimized from the protocol by Abud et’a}, resulting in a protocolery similar to

the version ofMcQuade et alpublishedshortly thereafter 152 with minor modifications. iPSCs were first differentiated into
hematopoietic precursor cells (HPCs) with a commercially available medium kit (StemCell Technologies). Cells were first
incubated in Hem A medium fordays, followed by Hem B medium for 9 days. The resulting HPCs were caliedteshted

with a differentiation medium containing 1L34, FGEnd M-CSF to induce MG differentiation for 12 days.

For the differentiationinto cortical neuron§NE) we adoptel a published protocot®?that uses initial
dualSMAD inhibition to differentiate iPSCs to neural precursor cells (MR¢€C)urther optimized and
modified itas describedby Paquet et al>* (Figurell ¢ NE) For the first two days, a WNT antagonist
was addechdditionally to promote cortical forebrain faté®. NPCs were then cultured highdensity
with supplementation of retinoic acid for several weeks to promote expansion of MRCseural
rosettesand differentiation intoexcitatory, cortical forebrain neuron3he resulting cell®rm dense
networks(Figurel2A, left) andexpress typical markers such@EIR2 for deeplayer cortical neurons,
SATB2 for midlayer cortical neurong, 3-Tubulin (TuJ1)(Figure12A, middle) and MAP2and form
synapses as seen by colocalization of SynabgByn)as pre and PSD95 as paesynaptic marker
(Figurel2A, right).

To differentiate cortical astrocytg\S)from iPSCd,first established the protocol published by TCW
et al.?®! (Figurel1¢ TAS)I couldimplement the protocolnd generatecells which expressed typical
markers such aexcitatory amino acid transpagts 1 and AGLAST1 and GL Figurel2B, middle),
Aquaporin 4 and GFAPigurel2B, right).
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Figurel2: Characterization of iPS@erived brain cell typesA) Left: Cortical neurons (NE) on Day 70 after it@@e display

typical morphologies and form dense neuritic networks seen in brightfield image. Middle: NE express cortical markers SATB2
and CTIP2 and neurespecific betall tubulin (stained by TuJ1 antibody) as seen in immunofluorescence (IF) stRiiginig.

NE form synapses as seen by colocalization of presynaptic Sydaf8ym) and postsynaptic PSD95 on MAEdtive
neurites.B) Left: Brightfield image showing morphology of TAS (differentiated as in TC\VW¢°&tah Day 6 after iPSC stage.

Middle: TAS express typical astrocyte markers Glutamate transporter r1{Girid Glutamate Aspartate Transporter 1
(GLAST). Right: TAS amasitive for Aquaporind (AQP4) and glial fibrillary acidic protein (GFAR)Left: Spindldike
morphology of TAS indicates reactive state. Middle+right: TAS survive well in astrocyte medium (middle) but die after few
days in neuron medium used for-coltures (right) D) Left: Starshaped morphology of AS differentiated as in Perriot et al.

161 Middle: AS expredseterogeneous levels of S100beta and GFAP. Right: AS expresaa®L GLASE)Left: Microglia

(MG) morphology as seen in brightfield microscope. Middle+right: MG express typical markers lbal, PU.1, CD11h and CD68

However, the protocol usea commercial,proprietary mediaformulation containingFBS, which has
been shown in mouse cells to indulgesting changes in the celisA YAt | NJ G2 Fy &l OGA QDL
even after FB&asremoved'®. Indeed,our iPSErAJartially had an activated appearance as seen by
the spindlelike morphology in brightfield picture@-igure12C left). In addition,when establishing
NEHAS ceculturesl noticed thatTAS survival was very low. A&S in monoculture were kept the
commercial, proprietarymedia compared to thelefined neuronal media used for the NEAS ce
cultures | hypothesized that the mdia changemay cause the cell deathindeed, when adding
neuronalmedia toTAS 2Dmonocultures | could recapitulate thestrocyte degenerationHigurel2C
middle+rght). To avoid these caveatwe decided to switch to a different, more defined protot®8f6!
(Figurell ¢ AS)that does not use FBS andlifferentiation mediacloserto the onewe use folNE+AS
co-cultures. The resulting celted a moretypical, starshaped morphologyFgure 12D left)andagain
expresed typical markers such a&FAP, S100 GLAST and GIT (Figure 12D, middle+right).
Interestingly, we found a heterogeneity of GFAP and 5106 E LINeBelstrbughbut the cultures
(Figure12D, middle), potentially mimicking the astrocytic heterogeneity found in human Braim
addition, survival and integration into the MES cecultures was strongly improved. Therefore, we
decided to use this protocol fdurther experiments.

Differentiation of microglia (MG) from human iPSCs was established together with Gernot Kleinberger
(AG Haass, DZNE Munich, then ISAR Bioscience GmbH) and Maryam KRajastals Haass). Again,

we adopteda publishedapproacht>*and optimized it, resulting in a protocol very similar tsimplified

and refinedversion publishedhortly afterby theoriginal group'®2 Thisversion uses a commercially
available mediit for the first stepg the differentiation into hematopoietic progenitor cells (HPEs)
followed by thedifferentiation into MG by addition of specific cytokines and growth factbigurell

¢ MG). The resulting cells had a typical morpholdggurel2E, left) and expressed typical markers
such as Ibal, PU.1, CD11b, and QB&Rire12E,middle+right).

In summary, we could adopind optimizeprotocols to differentiate iPSC intoghly pure populations
of cortical neurons, astrocytes, and microglia in 2D monocultures.

3.2. Generation and optimization of 3D-cultures of iPS@erived brain cell
types

To generate a more physiologiaallture systemand enable formation of additional AD phenotypes
such as extracellular protein aggregatiove nextestablished 3D co-cultures of thedifferent brain cell

types. As metioned above, currently used 3 vitro models such as organoids have several
drawbacks that limit their use for mechanistic studies and screens. Thereferaimed todevelopa

novel, more reproducible and controllable mod&lmain source of variabilityf organoids is the initial
aggregation of iPSCs and subsequent differentiation in a 3D format. Although this more closely mimics
the in vivosituation, it also leads theterogeneous noncontrollableaccess to patterning factoisf

the aggregated cellscontributing to the large variabilitywithin and between different batches of
organoids. To avoid this caveat, we decided to differentiate the iPSCs in a more controllable 2D format
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asdescribedn 3.1., yielding highly uniform and pure cultures of diéfetiated brain cells thatve then
combinedto establisha modular 3D culture systemTo generate tts 3D environment | initially
adopted a method used by Choi et &F.by embeddinghe cells into Matrigel, a hydrogel extracted
from the basemenimembrane matrix of a mouse tumét. | tested different culture formats such as
thick-layer cultures in transwell inserts as well as embedding the cells in droplets of Matrigel to yield
free-floating culturesto improve nutrient and oxgen supply(Figurel3A). For all approaches,first
embedded NE and A$hat were then treated with DAPT to drive residual NPCs into terminal
differentiation into newons by Notch inhibition, followed by treatment with-FBJ to kill residual
dividing cells and yield a postmitotic culture. Microglia were added into the media of the cultures only
after this treatment andvould migrate into the cultures by themselveBigurel3A). As the droplet
based cultures were more affordable and could be scaled up more dagibided to use this approach

for further testing. | characterized the cultures using immunofluorescent stainings and observed
successful embedding and survival of the cells and the formation of neamiti@strocytiqgorocesses
(Figue 13B, left) and incorporatiorand distributionof microgliathroughout the culturegFigurel3B,

right) as well agormation of synapsegFigure130). | thus establisted a human 3D culture made of
iPS@erived neuronsastrocytesand microglia.

However, larger exeriments with more cultureshoweda low reproducibility especially between
batches regarding general cell survival and neurite formafamseenn Figurel3B left vs. right) In
addition, due to the large size of the cultures of aroun8 &hm in diameter| observednecrotic core
formation after around 2 monthgFigure13D), similar to organoid models. In addition, the use of
Matrigel as a scaffold does have drawbacks, as it introduces-aumman component into the system,
contains growth factors by itself & influence cellular processes such as proliferation and maturation
and that varyfrom batch to batch, and is iits composition not similar to human brain ECM. As a
basement membrane matrix, it consists of Laminin (~60 %), Collagen IV (~30 %), Mi¢ie®)étand
heparan sulfate proteoglycart®, while human brairinterstitial matrixis mainly build of hyaluronan
and chondroitin sulfate proteoglycans with Tenaseiadinkage moleculesndonly small amounts of
Laminin, Collagen IV and Fibronecth

Based on these results and limitat®rwe deciéd to test a different approach based on the self
aggregation of the differentiated cells into smaller spheres, to avoid necrotic core formatiah,
without any artificial matrixFrom here onmostoptimizatiors and characterizatioswere performed
together with Carolina Cardoso Ggaives, another PhD student in the lalve hypothesized that
similar to iPSC aggregation at the beginnifigmanoid formation, also differentiated cells should
aggregate into a sphere when transferred to an ultrev attachmaent (ULA) U-bottom plate that does

not allow binding to the plate wall§igurel3E) Indeed, when adding iP$€rivedNE or NEand AS
into ULA plateswe observed sphere formation after arourntd5 days without addition of any
exogenous extracellular matrix@he resulting cultures were very reproducible in size and general
morphology(Figurel3F), andIF stainings confirmed cell survival inside the cultures, without formation
of a necrotic core Rigure13G). Both neurons and astytes reproduciblygrew dense networks
suggesting a mature cell morphologhgain we could incorporate MG into the cultures by adding the
cells into the media ohggregated NE+ASiltures The cells then migrated into and tiled the cultures
and adopteda ramified morphologyRigurel3G).Microglia integration efficiency was even higher than
for Matrigel cultures and close to 100 %, as the cells could not bind tpl#te and NE and AS likely
produce chemokines attracting the M@sidethe culture.

Altogether, this approach allowed us to generate large amounts of uniform and reproducible 3D
cultures made of human neurons, astrocytes, and microglia, and we thusededd further
characterize these 3D cortical brain tissue models (3BTMs) and use them for modelling AD
pathogenesisn vitro.
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Figurel3: Approaches to generate-8imensional (3D) cultures of iPSi&rived brain cell typesA) Generation of 3D cultures
by embedding cells into Matrigel. NE and AS were mixed witbdlteMatrigel and plated into transwell inserts (top) or little
droplets togenerate freefloating cultures (bottom). MGvere added 3 weeks later into the media and migkhiato the
cultures.B) Left: IF staining of freoating Matrigel culture with NE and AS after 1 month, cells formed dense networks as
seen by Tau and MAPZ2asting (NE) and S108taining (AS). Right: Fréleating culture after incorporation of MG, MG are
closely interacting with neuritic (MAP2) and astrocytic (GFAP) proceSyHds staining shows synapse formation in free
floating cultures at 2 months ase&e by colocalization of Synapsirand PSD9®) Freefloating Matrigel cultures develop a
necrotic/dead core at 2 months of age as seen by lack of MAP2 stdihiBgneration of 3BTMs by salfjgregation of NE+AS.
Cells are added into ultfmw-attachmert wells and aggregate oversidays. MG are added 3 weeks later into the media and
migrate into the culturesF)Left: Overview of a 9évell plate with 3BTMs, note the uniform size and shape of the cultures.
Right: Brightfield image of a single 3BTM at 1 mo@Top: IF staining of a middle slice from a 3BTM at 3 months shows the
neuritic (MAP2) and astrocytic (&F) network without necrotic core and the distribution of incorporated microglia (Ibal).
Bottom: Zoomin shows fine and dense processes of NE and AS, and ramifications of MG.
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3.3. Characterization 3BTMs

To comprehensively characterize 3BTM& performed lage time courseexperiments comparing
different combination of cell types NE only cultures, NE+&&-cultures, and NE+AS+MG-cultures.

We first analyzed culture size over time to confirm reproducibility and stability of the cultures. Indeed
we found aconsistent diameter of around 76060 um that was stable over time from 1 week to 6
months of age Kigure 14A), suggesting that the cultures are postmitotic. To acomfihis, we
performed IF stainings for Kig@nuclear protein strictly associated with cellular proliferati#h®’
Although we could detect aroung-15 %Ki67+ cells 3 days after aggregation, the fraction dropped
close to 0 % at 1 months and later agegyurel4B). Thissuggessthat the DAPT an&FU treatmens
worked, leading tolargelypostmitotic cultures Next, we tested for ongoing cell death in the 3BTMs
over time.To this end, we performe@UNEL stainings, which marks DNA dosbiand break<®, a

sign ofcell death The percentage of TUN#lositiveand thus apoptoticellsvaried depending on the

cell types present in the culturgEigurel4C B, with the highestpercentagein NE culture$~20 %)
followed by NE+AS culturés10 % and NE+AS+MG cultures5%). In each condition, the values
were stable over time from 1 to 6 mthms of age.This indicates that the additional cell types may
create a more physiological environment with more or higher levels of relevant survival factors
present and/or improved clearance of apoptotic and dead cells by astrocytesnaicdbglia. The
detectedlevels werealsomuchlower than in commonly used braiorganoids whictshowaround40
%2°to 60 % TUNEpositive cells at 3 months of ag¥, suggesting strongly improved cell survival in
our cultures incomparison

We nextinvestigatedf we could detect increases in maturation markers in the cultunes time To

this end, we first analyzed synapse formatinlF staining for Synapsinand PSD9%e coulddetect
colocalization of both markeysuggeting synapse formatioifFigurel14F) that increased over time
showingincreased maturationFigure 14D). In addition, we performed electron microscopy (EM)
analysis in collaboration with the Synergy Nanoscale Hub, to analyze synapse formation on an
ultrastructural levelln EM, we could deteahature synapses with postsynaptic déres and insome

cases also tripartite synapsesere pre and postsynaptic terminals are in touch with an astrocyte
(Figurel4K). To assessynapse formatioron a more global scale, we performed mass spectrometry
experiments(in collaboration with the Synergy Proteome Hath)3BTMs at 3 days, 3 monthtend 6
months d age.We detected a large variety of synagassociated proteins in the cultures with a small
subset being shown iRigurel4lL. Compared to cultures at 3 days, wesetved a strong upregulation

of almost all synapse markers at 3 months, and a further upregulation of some markers at 6 months of
age Figurel4l), suggesting widespad synapse formation especially during the first months in
culture. Besides excitatory synapse markers such as various glutamate receptor subunits (e.g., GRIAL),
we could also detect GABA receptor subunits (e.g., GABRAL), suggesting formation of ynhibitor
synapses in the cultures.

To further look into maturation markers, we analyzed formation of a blikgnECM in the 3BTMs. The

brain ECM is essential for a variety of cellular functions such as network formation and signaling events
260 however, due to its distinct properties, it so far cannot faithfully be recapitulatedtro 2%, We
therefore did not add any exogenous matrix when generating the 3BTMs, but instead hypothesized
that we could most closely mimic brain ECM by letting the cells proth&eown ECM over time. As
indicated above, brain ECM is mainly built of hyaluronan, chondroitin sulphate proteoglycans (CSPGs)
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Figure14: Characterization of 3BTMs. Auantification of 3BTM diametédn brightfield images shows reproducible and
constantsizeover time each dot represents one culturB) Quantification of Ki67 stainings of 3BTMs shows low levels of
dividing cells at 3 day@d), and almost no dividing cells from 1 mor{ttmo)onward Each dot represents one experiment
©Onegl & !bhx! gAGK 5dzyy Sl @yQuantitaton dfJr UNELG®iNngk d¥lBBAMsyshowsSanstantd
rates of cell death over time, and lower rates inagdtures with AS and MGach dot represents one experimdMixed

effects model with GeissdBreenhouse correction to analyze NE+AS vs. NE and NE+ASH#WEScuttures, p = 0.1255 for
comparison of NE+AS vs. NE+AS+RiX)uantification of synaptic puncta normalized to MAP2 area in NE+AS 3BTMs shows
AYONBlFasSa Ay &adeylrLiaSa 20SNIGAYSd® 91 OK tfAYyS NE Ilghdhpalispii a 2y S
test, p = 0.0767 for comparison 1mo vs. 3mo and p = 0.766 for 3mo vs.ByRepresentative TUNEL and DAPI stainings of
6-month-old NE (left), NE+AS (middle) and NE+AS+MG (right) 3BJM5.staining of NE+AS culture at @érshows
colocaliation of Synapsil and PSB5 positive puncta on MAPRositive neuritesG)IF stainings for Hyaluronaat 3d (top)

and 3mo (bottom) shows strong increase in staining intensity and more homogeneous staining at 3mo. Right pictures show
merged images inclling stainings for NE (MAP2) and AS (GRAPI- stainings for Hyaluronan in NE (top) and NE+AS
(bottom) 3BTMs at @ shows stronger staining in NE+AS cultuteMass spectrometry analysis of NE+AS 3BTMs detected a
variety of braiRECMassociated proteis including chondroitin sulphate proteoglycans (CSPGSs), linker proteins, heparan
sulphate proteoglycans (HSPGs) and Laminins. Comparison of 3mo vs 3d cultures shows strong increases in most proteins

w

(FDR) estimation with FDR #4bat sO = 0.1). Heat maps on the right show correspondingdrigbtomic data for each gene
over time from human brains, extracted from the BrainSpan databaste tiiat proteins decreased in 3BTMs at 3mo are
also decreased in human brain at older ages, and that genes only expressed around birth are detected iKgB&dMwon
micrograph of a NE+AS+MG 3BTM mibZhows formation of tripartite synapses made akpynaptic axon, postsynaptic
dendrite, and adjacent astrocyté)Heat map showing log2 fold changes in protein levels of a subset of syaapseiated
proteins detected in mass spectrometry analysis in 3BTMs over time. Most proteins are strongly atecegul 3mo
compared to 3d, and partially further upregulated at 6mo compared to 3mo. Bar on the right showscdéor

and heparan sulphate proteoglycans (HPSGs), with Tenaazitiskage moleculeand only small
amounts of Laminin, CollagetV, and Filbonectin. We first analyzedleposition of the main
component, Hyaluronan, by IF stainings. We could detect small, dispansednts already in-8ay

old NE+AS cultures, suggesting that the cells start producing it immediately after aggregaioe (

14G, top). In comparison, at 3 months of age the staining was stronger and evenly distributed,
suggesting deposition in the culture over tinteigurel4G, bottom). Interestingly, we detected much
lower levels of Hyaluronan in NE cultur€$g(rel4H, top) compared to NE+AS culturé&gy(rel4H,
bottom) at 3 days, suggesting that Hyaluronan is mainly produced by astrocytes in our cultures. To
assess EM formation and protein levels on a more global scale, we next searched fordtaiddl
proteins in our mass spectrometry dataset. \ketecteda variety of brain ECM molecules, including

the core proteins of brakspecific CSPGs such as Neurocan, BredndnCSPG5, typical linkage
proteins TenaschC, TenascHR and HAPLN4, as well as different HSPGs and Lankignse14l, left).
Comparing 3month to 3dayold NEAS cultures, we could detect large increases in many of the
proteins, indicating their deposition as braitCMlike structures. We then compared the protein levels

and changes to data from the BrainSpan datab&sgufel4l, right), which collects dataf the human
developmental transcriptomé®. In this comparison we could confirm that we cannot only detect
continuously high expressed proteins such as Neurocan, but also proteins that are only or more highly
expressedafter birth in juvenile and adult stagessuch as Brevican, CSPG5, HAPLN4ic&hfp or
Syndeca#t, suggesting that the ECM in the 3BTMs has a postnatal identity. Interestingly, proteins that
are increased in 3BTMs at 3 days compared to 3 months, such as Gig@oaGlypicamd, are also

more highly expressed in the human braireatlier stages, suggesting a typical remodeling of the ECM

in our cultures, with early components being degraded. Oveiadl data suggests that a bralike

ECM is formed in the 3BTMs, mimicking changes also seen in human brain development around birth.

After confirming synapse and ECM formation and maturation in the cultures we next analyzed
functionality of the neurons. To this end, we first performed wholemount calcium imaging in 3BTMs
using Flued. We could detect spontaneous and synchronized aalaiaves in NE+AS cultures at 3
months of ageRigurel5A), suggesting functional network formation. To confirm neuronal activity and
maturation on a singleell levelwe next performed electrophysiology experiments on acute slices of
3BTMs (in collaboration with Lars Paeger, AG Herms, DZNE Munich). In patch clamp, we could detect
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Figure15: Functional characterization of 3BTMs. App: Live cell calcium imaging using Fushows spontaneous and
synchronized activity in NE+AS 3BTMs at 3 months. Bottom: Quantification ef Fitensity over timeB) Patch clamp
measurements of single neurons in NE+AS+MG 3BTMs at 6 months shows spontaneous action potentials (top), evoked action
potentials (middle) and inhibition of firing after tetrodotoxin (TTX) treatment (botto@))F coestaining for DARpositive
nucleiandlbadJ2 A A GA @S YAONRItT Al aKz2ga YAONRItTALFE LINRPOSaa Sy3ddg FAyY
DAPI staining, orthogonal projections in YZ and XZ confirm engulf8idsurface rendering ofo-staining for Synapsifh
(Synjpositive synaptic material and Ibgibsitive microglia shows close association (top) and engulfment (bottom) of
synaptic material by microgli&)2-Photon livecell imaging of NE+AS+Y¥B cultures at 3 months, visible are only Y#G.

Pictures are showror different, colorcoded timepoints (0, 6, 12 min), merged image on the right shows summary of
movements by colecoding as in single timepointeading to white staining of stable structuré§2-Photon livecell imaging

as in E) shows reaction ofendglia to a focal laser injury (red circle), adjacent microglia quickly extend processes towards the
lesion site and surround it after 6 minutes.

(T 1Y

45



Results [N

mini EPSPs, mature, spontaneous action potentiglgu¢e 15B, top), as well as evoked action
potentials Figurel5B, middle), that were sensitive to tetrodotoxin (TFXurel5, bottom), a voltage

gated sodium channel antagonist, suggesting that action potentials are indeed driven by these
channels. Altogether these data suggest that theurons are electrophysiologically mature and
functional.

We next investigated microglia functionalityAs microglia are phagocytic cells, we first analyzed IF
stainings for events that suggested microglial uptake of debris. Indeedould detect such @nts

where microglial processes surrounded a likely dead or dying cell as seen by brigragmented

DAPI stainingRigure15C). Another essential microglial furar is synaptic pruning, where microglia
shape neuronal circuits especially during development by engulfment and removal of syffdpses
3BTMs at 1 months of age, we could detect Synapgiositive puncta in direct contacE{gurel5D,

top) or inside Ibadpositive microgliaKigurel5D, bottom), suggesting that the cells are indeed able to
engulf synaptic material. Finally, we performed live cephdton imaging to visualize microglia
behavior in living 3BTMs (in collaboration with Severin Filser, Plesnila Lab, ISD). To this end, we
embedded microglia expressing membraviEP (YFMG, the iPSC line was generated.idiana Pedro
andCarolina Cardoso Gaailves) into 3BTMs and performeepRoton imaging 2 months later. Under
GNBatAy3é O2yRAGAZ2YAaSsS ¢S O2cHEsesRigudlbs, Quggediggdhaty Sy ( a
the cells are surveilling the environmeas in the brain We next inflicted a focal laser injury and
monitored the cells reactionAlmost immediately after the injury, all adjacent cell started extending
processes towards the lesion site, completely surrounding it af@mn@inutes Figurel5F) indicating

that the cells did sense danger signals from the injury site and tried to contain the damage.

Together, these data indicate that cells in the 3BTMs do not only express typical markers and mature
over time, but also display typical functiormuifid also in brainHaving established and characterized

this reproducible, modular, and controllable 3D cortical tissue modelnesd appied it to model AD
pathology.

3.4. Knockin of synergistic AD mutations using CRISPR/Cas genome editing

I aimed to knockin (KI) a combination of synergistic, 8Busing APP mutations into WT iPSCs, to
induce advanced pathology in experimentally trackable time frames while avoiding overexpression
artefacts.l screened the literature for the best combinationrafitations and decided on homozygous
APP Swedish (APB, APP Arctic (APB, and APP Iberian (APPmutations. These mutations have
distinct and synergistic effects on Aaggregation by increasing total Aevels, acceleratingiA
protofibril formationand thus aggregation, and increasingd®:40 ratio, respectively. Confirming the
strong effectson A LIN2 RdzO (i A 2 y , theyNRG-FYiBusé¢ ndodelAtiattarries a knoek

of the same mutations, shows plaque deposition starting at 2 months of age, a well trackable time
frame. A Kl iPSC line carrying the ZPfutation and the isogenic wildtype (WT) line wexkeeady
established by Dominik Paquet and published eatftet therefore used tlsi APP*®line as a basis and
additionally knocked in APPand AP mutations using the CRISPR/Cas9 gene editistem First,

| searched for sgRNAs close to the mutations using the CRISPOR onlinggaa@lr(spor.tefor.net/)

236 A panel of sgRNAs was seteftcloned into an expression vector, and tested in HEK293 cells for
activity. The best sgRNA for each mutation was chosen b@asadtivity, mutationto-cut distance as

well as efficiency and specificiégores andised for genome editing in iPSCs. BoBP¥% and APP®
mutations are located in Exon 17 of the APP gene with a distance of 69 base paifS(i@16A).
Initially, | tried to insert both mutations athe same time by simultaneously providing both sgRNAs,
inducing 2 cuts and providing a large repair template carrying both mutations. Tiieaah was
extremely inefficient, yielding only one out 2500 screened clone that carried both mutations as seen
by restriction fragment length polymorphis(RFLP) analysis. This clone however
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did not carry the APP®mutationwhen analyzed by Sanger sequengiuggesting it was derived from
aWTcell contaminationTherefore | changed the approach and aimgglinsert the mutations one by
one. Thisnethod was much more efficient, yieildg approximatelyé % positive clones for the APP
and1 %positiveclones for the APPmutation as seen by RFLP analyBig(re16B, top) and resulting
in a clone carrying both mutations homozygously in addition to the’%Rfatation (sequencing traces
for each mutation irFigurel6B, bottom.

3.4.1. Quality controls of the established APP triple krindine

The triple KI (KI) clone was further expanded and subsequently subjected to quality cdtitehjsa
gPCR assay on the genomic ONgPCR) ahe BCL2L1 locus was performed to prescreen clones for a
local trisomy of this gene, a common genomic variafimmd in iPS celf* BCL2L1 encodes an anti
apoptotic protein and a triplication of the locus would thus improve cell survival and give the cells a
growth advantage®®, making it detrimental foreliable disease modelinghe assay confirmed that
the Kl clondnas two copies of the BCL2Ajdne Figurel6C) Next, another qgPCR assay was pentx
around the edited locugAPP exon 1#p exclude unwanted otarget effects that can occur during
editing and are not visible in Sanger sequenéthgigain, the assay confirmed a normal copy number
of the locus oR (Figurel6C) To confirm clonality of the new line regarding the inserted mutations,
analyzed 3@oloniesderived fromsingle ceB of the line byRFLP assay around the edited loarg

all showed the same, correct band patterfiFigure16D). Next, | performed immunostainingsr the
presence of common pluripotency factors NANOG, SSEZW, @and Tral-60, to ensure that CRISPR
editing did not affect pluripotency of the iPS@s expected, NANOG an€®@ were expressed in the
nucleus and colocalized with DAPI, whereas markers SSEA44 ah@0T@ere expressed in the
cytoplasm andnembrane Figurel6E). To check whethethe clonewas derived from thecorrect
parental line a fingerprinting PCR was performeudhichconfirmed thatthe edited Kl lineshowed the
same band pattern as thearentalline (Figurel6F) Next, the editedcell linewas screened for the top
five offtarget editing events according to the CRISPOR onlinébjoBICRs around the efrget loci
followed bySanger sequencingll sequencing traceshowed clear, single peaks, excluding unwanted
editing eventsat these lociFigurel6G) Finallythe Kl linevassubjected to moleculakaryotyg@ng 238

and noadditionalchromosomal aberrations were fourmbmpared to the WT lineTherefore | could
establish a human iPSC licarrying three synergistic APP mutatipA®FP"¢ APPand APP®, that |
next characterized regarding the development of -Adlated phenotypes and underlying
pathomechanism@é 3BTMs

3.5. AD phenotypes in knoék 3D alltures
351. A LINRBRdzOGA2Y FtyR | OOdzydzZ F A2y

As a first step) analyzed if the inserted mutations indeed caused the desired alterations on APP
processing andiAgeneration. To this endVT andKI iPSCs were differentiated iltE, AS and MG as
described aboveand aggregated into 3BTMgAfter 1, 3 and 6months, the culture media was
conditioned for 5 dayscollected,and used for electrochemiluminescence analysisanrMSD A
peptide array to detectecreted! i oy X n n Zeach geRotypeAs efpgcted fronthe APP"e
mutation, Kl cells shoadA y ONB I a SR G20 t ! tellstFiguesm, &ft).haddiidn NS R 2
GKS i nuYnn Ndfold h@easedFigurdl T 2righ), comfimming the effect of the APP
mutation. There were no differences detected between the different timepoiAtsalyzing the single
i & LJSear&ageinth@ K n uNdninA 2 AGSYaA FTNBY 020K 'y AYONBI a
Ay i n(FiguteSrB),Stlicating ashiftin processing to longer, more aggregation prone species
However,lO2 dzf R I f 42 RSGSOG | adNRy3 dzLNB3IdzE | GA2y 27
speciessecretedby the cell§Figurel7B). 1y SEG |yt 8T SR AF (KS aSONBiGSR
co-culture with AS and/or MG. To this erdgenerated KIBTMs of the different cell type combinations
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¢cb9 2yftés bo9b!{ZX YR b9b!{baDZ FtYR Fyl fiédillSR ! i I
not detect any significant changes in the compared to monecultures Figurel70), suggesting that

i LINPRAzOGAZ2Y Aa y20 aA3ayATFAOlN yif lcolyascarmy OSR 0@
0KS adNR2y3a dzLINB 3 dzthis @dtadef, whicthias Indt begrdesclb@dSbiefare in the
corresponding mouse modéTherefore, b investigate if this increase is causediy APPor APP®

mutation, we analyzed supernatants from cells carrying onlg of the two mutations in addition to

the APP"mutation. This vas done by Merle Bublitz, a M.Sc. student in the lab that | supervised. Merle

O2dzA R aK2¢ GKIFIG 1ioy éla dzLNB3IdzA FGSR Ay OSftfa C
APP*, and a synergistic additional increase if both mutations are pre$eégti(e17D), indicating that
020K YdzitiA2ya AYyONBlFaS !ioy 06& AYRSLISYRSyd YSOK

| next performed immunofluorescence (IF) stainings to investigate if the produted & 2 dz2f R 6 S
deposited in the cultures and if plagdi&e structures would be forming over the course of 6 months
iNKIBBTMdA Y RSSR 206aSNWSR LINE I-pdSitivé purdts/struci@syudel 7E)i A 2y 2
specifically in Kl cultures over timeigurel7F), indicating focal accumulatiomgiich may represet

early stages of plaque formatiointerestingly, this effect did depend on the cell types present in the
cultures In NE culture$only founda small increase from 1 month to 3 months followed by a plateau

up to 6 months Figurel7G, left), while in NE+AS cultures, and to a greater extent in NE+AS+MG
cultures,| coulddetectanaccumulatiorover time figurel7G, left). This led to significaimcreasesn

0 KS vy dzY é8shive pufictalsiructuredn co-culturescompared to NE monocultures 6 months

of age Figurel7G, right). Howevei,did not observedense! i | 3 &bkEhé forination ofmature

plagues which would be characterizelly a larger size and aggregated caneKl 3BTM#n the time

frame studied

¢2 FLylLrftel S AF 6S O2dzZ R RSGSOG |ye Angdgefodned Sk 331
sequential protein extractions from 3BTMs over tirhextracted soluble and extracellular protein in a

DEAbased buffer (DEA fraction), followed by extrantiwith RIPA buffer (RIPA fraction) to break

residual membranes and organelles described®’, leaving only insoluble proteins that were further

extracted with a Guanidine thiganate buffer (Gua fractionj®®. Indeed, using the MSD assay

described abovd,O2 dzf R RSSO0 AyazfdzotS ! i neultukeyatlinkobth Ddzl  F I
and larger amounts at 6 months, and significantly more in KI compared to WT cuRigess(7H).

CKAA ada3asSada GKI G A spacrlly oethé 1§ cultures, Bverlti@elldmfektinglyi S a = ¢
O2dz R y20i NBtAlofe& RSGSOG !'ioy Ay GKS Ayazfdzmt s
'l nHdcan®SA BSELX I AYSR o6& (KS KAIKSNI | 3aNBIkediAz2y LR
accumulation into insoluble forms.

3.5.2. Effect of APP triple KI on phosphau levels

To analyze downstream pathology of the increased LINB RdzOG A2y |y R | OOdzYdz |
$SAGSNYy oft20 Ftylrfeaira 2F o.¢a fealisSa Fd RAFFSNEB
accumulation or aggregation is inducing Tau hyperphosphorylation, we first used the AT270 antibody

to examire levels of phosphdhrl81 (pThrl81), an epitope also used as biomarker for early AD
pathology in humans. At 3 months of age, we could detect a significant increase in pThiB1 in
NE+AS+MG@ulturescompared to WTFigure 171, left). This effect was not visible in NE+AS cultures at

the sameage Figurel?l, middlg, potentially hinting towards microglial involvement in increasing

LI I dz £ S@Staz 2N I O2yySOUA2Yy & A lincultirds Bith#skeB K1 f & K
in Figurel7G. We also analyzed NE+AS+MG cultures at 6 months of age and found a similar increase

as at 3months Figurel7l, righd). This couldndicae i K & (G KS LINPINBaaAy3a i | C
induce further Tau phosphorylation at this epitopélternatively, this could be explained by a

reduction in microglia numbers within the cultures that we observed in some experiments between 3
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and 6 months of age, as microglia may be needed to increase pTau ssvdisscribed abové\s an
additional taugathy marker, we used the PHF1 antibody, which recognizes misfqidedg-helical
filament Tau. Wdound an upwardtrend for PHF1 at 3 months and at 6 montimsKI NE+AS+MG
cultures,but the increase did not reach significance in the small sampleasagzed(Figurel7K).

A B C

K

mo NE+AS+MG 3mo NE+AS 6mo NE+AS+MG 3mo NE+AS+MG 6mo NE+AS+MG

Figurel7: AD phenotypes observed in triple KI (KI) culturég Electrochemiluminescence immunoassay (E}lof culture
supernatants at 1 month to measure secretion 638/40/42 shows increased total Aevels (left, sum of all 3 species) and
increased A42:40 atio (right) in Kl cultures (unpaireetésts).B)ECHA as in A) showirigdividualA species irsupernatant

of 1-month-old WT vs. KI cultures. Note strong upregulationid& downregulation of A0 and upregulation ofiA2 in Ki
cultures.C)ECHA to detect A 38/40/42 in supernatant ofl-month-old WT and KI cultures containing different cell type
shows no significant differenc®) ECHA of supernatants from WT cultures and cultures carrying different combinations of
AD-causing mutationsnidicate an increase ini 88 in cellswith either APPrcor APfe mutation in addition to the AF#®e
mutation, and a synergistic further increase when all mutations are presed0 8lightlyincreaseswith APPmutation and
decrease with APP. A 42increases with APP. Data from Merle Bublit£)IF staining of KI NE+AS+MG cultures over time
shows accumulation ofiA F) Quantification of IF stainings in D) and comparison to WT 3BTMs shows accumulation in Kl
cultures(Tweg @ ! bh ! g A (pEcompaisbns @sf). Y dzf Figure legend continues on next page >
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