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Abstract

Alzheimer’s disease, the leading cause of dementia, is neuropathologically defined
by the deposition of amyloid-beta (AP) plaques and neurofibrillary tau tangles.
Cerebrospinal fluid (CSF) and imaging biomarkers can reliably detect underlying
AP and tau pathologies. However, their widespread use is impractical in routine
clinical practice globally. Therefore, more accessible and inexpensive tools, such as
blood-based biomarker (BBM) tests, are needed. Advances in sensitive
immunoassays and mass spectrometry (MS-based) techniques, have made it
possible to measure various phosphorylated tau (p-Tau) species in blood. Recent
evidence indicates that blood p-Tau may be a highly useful biomarker of
Alzheimer’s disease related pathologies.

The aim of this thesis was to facilitate the integration of plasma p-Tau as a
biomarker of Alzheimer’s disease in routine clinical practice and treatment trials.
This was studied using the well-characterized, longitudinal, prospective Swedish
BioFINDER-1 study, as well as an independent cohort of patients with mild
cognitive impairment (MCI) and the neuropathology Banner cohort.

In paper I, we found that the optimal sample handling conditions for measuring
plasma p-Tau217 on the Mesoscale Discovery (MSD) platform involved thawing
samples at room temperature followed by centrifugation prior to analytical
assessment.

In paper 11, on assessing the performance of various p-Tau variants and assays for
predicting abnormal A status and progression to Alzheimer’s disease dementia, we
demonstrated that MS-based p-Tau217 had the best performance. Several p-Tau217
immunoassays showed high accuracy even though it was lower than the accuracy
of MS p-Tau217.

In paper 111, on assessing the performance of ALZpath p-Tau217 assay against the
neuropathological outcomes, we found that it performed similarly to Lilly p-Taul81
assay. However, its associations with core measures of Alzheimer’s disease
pathology were significantly weaker than those of p-Tau217viyy.

In paper IV, we found that normalizing longitudinal CSF biomarkers to a reference
protein and specifically to AB40 strengthened their associations with longitudinal
measures of disease progression such as cognitive decline and brain atrophy. This
improvement did not apply to plasma biomarkers. In addition, we found that plasma

16



p-Tau217 and CSF p-Tau205/AB40 in combination with NfL could serve as
surrogate markers for monitoring treatment responses.

Together, our findings support the implementation of plasma p-Tau2l7 for
diagnosis and prognosis of Alzheimer’s disease, as well as for monitoring of disease
progression in both routine clinical practice and treatment trials.
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Popular scientific summary

Dementia is a condition that affects the brain and causes a gradual decline in an
individual’s cognitive abilities. Although some cognitive decline is expected as
people get older, dementia is not part of normal aging. Globally, around 55 million
individuals are living with dementia, and this figure is expected to grow as the
population ages. There are several forms of dementia, and Alzheimer’s disease is
the most common. In an Alzheimer’s disease brain, there is an abnormal
accumulation of proteins, called amyloid-beta and tau. These proteins can be
detected and measured using cerebrospinal fluid (CSF) and brain imaging
biomarkers. A biomarker is defined as a measurable indicator that reflects what is
happening inside a person’s body. It may be a molecule, protein, gene, or enzyme
present in blood, tissues or other body fluids. CSF and brain imaging biomarkers
have been successfully used in research settings and in specialized memory clinics
in some countries to diagnose Alzheimer’s disease. However, these methods are
costly, invasive and require specialized staff and facilities, making them difficult to
be implemented widely. Therefore, the need of the hour is simpler, less costly and
minimally invasive test, such as, “blood tests”.

Recent advancements in laboratory techniques have made it possible to detect and
measure various Alzheimer’s disease related protein forms in blood, including
phosphorylated tau (p-Tau). Existing evidence have shown that blood p-Tau,
particularly p-Tau217, could be a highly useful biomarker for detecting brain
changes related to Alzheimer’s disease.

The goal of this thesis was to support the implementation of plasma p-Tau as a
biomarker for Alzheimer’s disease in everyday clinical use and treatment trials. This
work was addressed using three very well-characterized, independent cohorts.

It is known that the way plasma samples are handled before biomarker measurement
can influence biomarker levels, making comparisons across studies challenging.
Therefore, to minimize the effects of these sample handling factors, known as pre-
analytical factors, it is essential to establish a standardised protocol. In paper I, we
investigated the effects of certain pre-analytical sample handling factors and
proposed certain sample handling conditions that ensure the best performance of
plasma p-Tau217 on the Mesoscale platform.

Over the years, several laboratory assays have been developed to measure several
p-Tau forms. Different studies have reported different results regarding the

18



performance of these p-Tau species, partly due to differences in assays performance
and cohort characteristics. To find a high performing assay suitable for clinical
practice and drug trials, it is necessary to conduct side-by-side comparisons within
the same participants. Therefore, in paper II, using 10 assays we performed a side-
by-side comparison of three main p-Taus i.e. plasma p-Tau217, p-Taul81 and p-
Tau231 and we found that among all the laboratory methods, mass spectrometry-
based method for measuring p-Tau217 in plasma was the best at identifying
individuals with Alzheimer’s disease and predicting those who would progress to
Alzheimer’s disease over time. Furthermore, some immunoassays also
demonstrated high accuracy for both outcomes. However, although, mass-
spectrometry based methods are highly accurate, they may not be as suitable as
immunoassays for routine clinical practice, due to a more complex handling and
measurement procedures.

Whenever a new assay is developed, its performance is best validated against
neuropathological outcomes (amyloid and tau pathology), which are consider the
gold standard. ALZpath, developed a commercial immunoassay for measuring p-
Tau217 in blood. Some studies have reported its high clinical diagnostic accuracy
for identifying individuals with Alzheimer’s disease, but none had determined its
performance in the sample with neuropathology confirmed diagnosis. Therefore, in
paper III, we assessed the performance of p-Tau2l7arzpan against the
neuropathological measures of brain amyloid and tau pathology in comparison with
established p-Tau biomarkers, Lilly p-Tau217 and p-Taul81. We found that the
performance of p-Tau2l17arzpan Was comparable to p-Taul81piy, however p-
Tau217ar.zpan did not perform as well as p-Tau217¢iny.

Blood and CSF markers have shown great promise for identifying individuals with
Alzheimer’s disease and predicting Alzheimer’s disease progression from a single
sample at baseline. However, their ability to monitor Alzheimer’s disease
progression, meaning tracking changes in these fluid markers over time to
downstream effects of the disease such as cognitive decline or atrophy remains
understudied. Therefore, in paper IV, we examined both plasma and CSF
biomarkers to identify the best biomarker or combination of biomarkers that could
help track Alzheimer’s disease related changes. Recent studies have also shown that
adjusting biomarkers to a reference protein can improve their performance by
reducing the biological differences that exists in the biomarker levels between
individuals. In this study, we found that adjusting CSF but not plasma biomarkers
to a reference protein such as AB40 improved their associations with longitudinal
measures of cognition and brain atrophy. Additionally, we found that plasma p-
Tau217 and CSF p-Tau205/AB40 in combination with NfL could potentially be used
as surrogate markers for tracking disease advancement.

In summary, we first established the best pre-analytical conditions to ensure optimal
performance of p-Tau217 assay on the Mesoscale platform. We also report that
mass-spectrometry assays and certain immunoassays demonstrate sufficiently high
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accuracy in detecting Alzheimer’s disease and predicting who will progress to
Alzheimer’s disease dementia over time. Our data indicate that it is very important
to validate the results of novel ALZpath p-Tau217 immunoassays against the gold
standard neuropathological outcomes. Finally, we found that plasma p-Tau217 and
CSF p-Tau205/AB40 along with NfL could be useful for tracking disease
progression.
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Populdrvetenskaplig sammanfattning

Summary in Swedish

Demens ér ett tillstind som paverkar hjarnan och orsakar en gradvis forsdmring av
en persons kognitiva formagor. Demens ér inte en del av det normala aldrandet 4ven
om en viss kognitiv forsdmring &r forvintad ndr ménniskor blir dldre. Globalt lever
cirka 55 miljoner personer med demens och detta antal forvintas dka i takt med en
aldrande befolkning. Det finns flera former av demens dir Alzheimers sjukdom é&r
den vanligaste. I hjarnan hos en person med Alzheimers sjukdom finns en onormal
ansamling av proteiner, ndmligen amyloid-beta och tau. Dessa proteiner kan
upptickas och métas med hjilp av prover pa cerebrospinalvitska (CSV) samt
biomarkorer fran hjarnavbildning. En biomarkor definieras som en métbar indikator
som aterspeglar vad som hénder i en persons kropp. Det kan vara en molekyl, ett
protein, en gen eller ett enzym som finns i blod, vévnader eller andra kroppsvétskor.
CSV- och hjarnavbildningsbiomarkorer har framgangsrikt anvénts for att
diagnostisera Alzheimers sjukdom inom forskningsmiljoer och pa specialiserade
minneskliniker i1 vissa ldnder. Dessa metoder dr dock kostsamma, invasiva och
kraver specialiserad personal och utrustning, vilket gor det svart att inféra dem i stor
skala. Darfor behovs enklare, billigare och minimalt invasiva tester, ndmligen
“blodtester”.

Nya framsteg inom laboratorieteknik har mojliggjort upptéckt och métning av olika
proteiner i blodet som dr kopplade till Alzheimers sjukdom, till exempel fosforylerat
tau (p-tau). Befintlig evidens har visat att p-tau i blod, sdrskilt p-tau217, kan vara en
mycket anvindbar biomarkdr for att identifiera hjarnfordndringar relaterade till
Alzheimers sjukdom.

Malet med denna avhandling var att bidra till inférandet av plasma p-tau som en
biomarkor for Alzheimers sjukdom i klinisk vardag och i behandlingsstudier. Detta
arbete genomfordes med hjélp av tre vélkarakteriserade och oberoende kohorter.

Det dr sedan tidigare ként att hur plasmaprover hanteras fore biomarkérmétning kan
paverka biomarkornivderna, vilket forsvarar jaimforelser mellan olika studier.
Déarfor ar det viktigt att faststélla ett standardiserat protokoll for att minimera
effekterna av dessa provhanteringsfaktorer, s& kallade pre-analytiska faktorer. I
artikel I undersokte vi effekterna av vissa preanalytiska hanteringsfaktorer och
foreslog provhanteringsforhallanden som sdkerstéller optimal prestanda for plasma
p-tau217 pa en Mesoscale-plattform.

Under aren har flera laboratorieanalyser utvecklats for att méta flera olika p-tau-
former. Olika studier har rapporterat varierande resultat géllande prestandan hos
dessa p-tau-varianter, delvis pd grund av skillnader i analysprestanda och
kohortegenskaper. For att identifiera en hdgpresterande analys som é&r 1amplig for
klinisk anvéndning och ldkemedelsprovningar krivs jamforelser inom samma
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deltagare. Dérfor genomforde vi i artikel 11 en direkt jimforelse av tre huvudsakliga
p-tau-varianter (p-tau217, p-taul81, p-tau231) med hjilp av tio olika
laboratoricanalyser. Hér fann vi att, bland alla laboratoriemetoder, en
masspektrometribaserad métning av p-tau217 i plasma var bést pa att identifiera
individer med Alzheimers sjukdom och pé att forutséga vilka som skulle utveckla
Alzheimers sjukdom o6ver tid. Dessutom visade vissa immunoanalyser hog
noggrannhet for bada utfallen. Trots den hdga noggrannheten é&r
masspektrometribaserade metoder dock mindre ldmpade for rutinméssig klinisk
anvandning d4n immunoanalyser, eftersom de krdver mer komplex hantering och mer
avancerade métprocedurer.

Niér en ny laboratorieanalys utvecklas sé ér det bést att validera dess prestanda mot
neuropatologiska utfall (amyloid- och taupatologi), vilket betraktas som
guldstandard. ALZpath Inc. har utvecklat en kommersiell immunoanalys for att
mita p-tau217 i CSV och blod. Vissa studier har rapporterat hog diagnostisk
noggrannhet for denna analys vid identifieringen av individer med Alzheimers
sjukdom, men ingen studie har tidigare jamfort dess prestanda i ett urval med
personer som ocksa har neuropatologiskt bekriftade diagnoser. Darfor utvéarderade
vi 1 artikel III prestandan av p-tau217ALZpath i forhéllande till neuropatologiska
matt pd amyloid- och taupatologi, i jamforelse med etablerade p-tau-biomarkdrer
sdsom Lilly p-tau217 och p-taul81. Vi fann att prestandan for p-tau217ALZpath var
jdmforbar med p-taul81Lilly, men att p-tau217ALZpath inte uppvisade lika bra
prestanda som p-tau217Lilly.

Biomarkdrer i blod och CSV har visat stor potential for att identifiera personer med
Alzheimers sjukdom samt for att forutsdga sjukdomsprogression baserat pa ett
enskilt prov vid baseline. Daremot dr deras forméga att over tid folja sjukdomens
utveckling — det vill sdga att relatera forandringar i biomarkornivéaer till sjukdomens
konsekvenser sdsom kognitiv forsdmring eller hjarnatrofi — fortfarande otillrackligt
studerad. I artikel IV undersokte vi bade plasma- och CSV-biomarkdrer for att
identifiera den biomarkdr, eller kombination av biomarkorer, som bést ldmpar sig
for att f6lja Alzheimersrelaterade fordandringar 6ver tid. Nya studier har ocksé visat
att justering av biomarkdrer mot ett referensprotein ett protein som inte varierar
mycket mellan olika individer kan forbéttra deras prestanda genom att minska
biologiska wvariationer mellan personer. I denna studie fann vi att néir vi
normaliserade CSV-biomarkorer mot ett referensprotein som till exempel AB40 sa
forbdttrades deras samband med longitudinella matt pa kognition och hjdrnatrofi,
vilket inte var fallet med plasmabiomarkoérer. Dessutom ség vi att plasma p-tau217
och CSV p-tau205/Ap40, i kombination med NfL, potentiellt kan anvidndas som
surrogatmarkdrer for att folja sjukdomsutvecklingen.

Sammanfattningsvis faststéllde vi forst de bésta pre-analytiska forhéllandena for att
sikerstélla optimal prestanda for analysen av p-tau217 p&d Mesoscale-plattformen.
Vi rapporterar ocksd att masspektrometribaserade analyser och vissa
immunoanalyser uppvisar tillrickligt hog noggrannhet for att uppticka Alzheimers

22



sjukdom och forutséga vilka som kommer att utveckla Alzheimersdemens dver tid.
Var data understryker vikten av att validera resultat frdn nya ALZpath p-tau217-
analyser mot neuropatologiska guldstandardmatt. Slutligen fann vi att plasma p-
tau217 och CSV p-tau205/AB40, tillsammans med NfL, kan vara anvéndbara for att
folja sjukdomsprogression.
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{3 BT T IRTA

Summary in Hindi

fenferar ues Ot fE3ifa & S afass &Y wifaad deet € 3R ot carfary &Y JmTeTss
&IAT3T o HiR-ER BH! BT BRUTIA | BlcTifch 35 Te b 1 BB HAIHD [TRTaC
ATHII &, Sifch fSATRT =T ety o1 e 781 21 faeavR § & T 5.5 &iIs @nT
feuferar & Trer 38 T2 €, 3R SRY-SRY SISt 39T 81, I8 AT 31 gg &
THTEAT £ | TSHTIIT & B8 UPBR BId &, TSH 3TeuiTS AR I Tad 37TH 2| 3TeulTS AR AT
I mTfad Afdss § &l Wi , 3TTSaigs-dier 3R <3, 3T ®U I STHT 81 SITd
21 T WIEHT BT gar oiET 3R 3% ATYAT AiETsERe g (eauk) 3R Afdass
SHISITT IRIMATHR &f Aeg F 4T 1 T IRIMATEN Bl RR & HId &7 I 3ET &,
BT TP AIUA A Hdbdds HMET SI1dT 2| I8 Tt QfeRd & I, Sl AT 31
oM zal # U PBIg 0], UIEH, ST AT TSTTeH & Fhal &l HgAv® 3iR
H&I=P AT JRITHTRR P1 2ATe Brif 3R $B ol # fdQdfidsd AHRT Fflfepl §
ICSITGTR 7T o AT o fog TehetaTgdes 3uainT f3saT T § 1 gTetifes, ¥ faferar me,
TTSRTA & 31K 31 fAT faQIY-trained TeTH diT Ffawumail Bl smaedasdr erdl &, forey
S% 98 YA W AT AT BioH &1 STdl & | AT, IAHH FTHI DI 3TaLTHBdT & I,
PH GlTel IR YATH 3TshTHD YRIGUT bl S o “Yerd adiefor|

BTeT & guf § YINRTCTT deb1ebl H §S ST &b PBRUT Ied H 3Tewl[gHR A7 F Halfeid
fafi=1 91 Bl, S BRBRISACS 13 (p-Tau), BT YdT AT 31X AT T g3
2?1 3YaTe YHTOT I8 2ifd & o Yo W p-Tau, fAATER p-Tau217, TeolghR AT A
Heiferd AREd=hIg YRadA1 &bt Ugam b el Teb 31cd 3TN ITATHTE &1 Hebd B

39 2 vaY (2NfI) BT 783 AT 3ewTSHR I & feT WATSHT p-Tau BI U TATHTER
& BU H fAafAd A1 3w 3R IURR-3muTRd 3regaHl § an] o3 | HergdT
BT Ig BT T AT JAaRd 3R o PIgied Pl 3uANT adbs a1 1T |

g 37BI e A 1A & b ITATHTERRY P HTYA T Ugel THTSHT AT Bl febd TR FHTAT
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AT AT 8 ST €1 AT, 57 Fruet-Eefeim Rl {5 h-uATfeifedet thaes
Pl SATAT 7 & YT Bl BH A P [l ATFbIdbd TIeIbId LATUd BIAT TITE &
YR [ #, A7 $B U-TATfcifehed Arc-gsfain BRI & TTal dl STl Hl 3R
ARG THCHBIH TR TATSHT p-Tau217 P HIIS e bl AT A dreit THT-
Sefa fefaal &1 wara

foee &8 guf § fdfi= p-Tau BUI BT AU & AT B YATTRTAT ST foabiRia ol 78
2| ifde 3TeTT-316TT 3TAT H § p-Tau BUI & Y&l & T&y # =-fi=1 aRomy
I 3T &, THad: STial & gefT 3R ®Igie faAwdrsii # 3idR & HRuT| e
3INART 3R a1 o & oy b Iw-Ueeld & arelt ST WioH & el 3naedds
2 o5 U & wfaMIiTTal & Hiaw s STl T HiT gt &l S| 39felg, U 11§ gA
10 WHWWWW&T% Hul; p-Tau217, p-Taul81 3ﬂ'x’p—Tau231 il
T geTeTes faemyoT fobaT| A 91T b TATSHAT p-Tau217 BT AU & g A
WFEIHET ATHTRA fAfe STesTTSAR I 6T 9 B3 3R I8 3gAH @ # b A
ferd FAA P G T DI 3R G, Tl 3fies Fleb &t §HPb eTdl, &
SREARRY 7 QY uRommi & fog 3o adtedr fR@ré| g1aifes, a8 & & arg €
1o afT e Wag e fafaT srcid wéies €, 36T STfect ufshansit & BRuT J fFafid
eIfes 3UANT & e} SRIATRY fSia-t 3ugerd g1 a1 Hab |

S Mt BIE A8 FiT faefdd & St 8, 3B IIaT BT FaraH e
RN AT TRUTHY (3raTs@ras 3R 213 Yeiarst) & faeg faar sirar 8, o
i A% HHET SATdT 81 ALZpath 3 300 H p-Tau217 A9 & faig T arfoifSie
SRIATIRY [Tfad fFaT €1 8 3naaAl 7 3TesiTg iR A & e H 39! 3o aétdsdl
P RUTE h 2, difchT 319 dh 58P Yael &1 Jeics 37 AfeRid) § 7! fosarm mar o
S " FRIUNATS-AT O e 39cte ol SHfeig, YR 11 # §AT p-
Tau217ALZpath & Y& BT gaiT AT p-Tau STATHIERT (Lilly p-Tau217 3iR p-
Taul81) I A gY, ARG 3TATSAS 3R 213 fcAtent & =Rrdiaifoidme Hral &
faog SHBT 3MTdet fhaT| A YT fdb p-Tau217ALZpath BT U&2fF p-Taul81Lilly
P I T, Wich Ig p-Tau217Lilly fSdAT 37<8T U&eM T&l & |
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IR 3R FAE HIERT T 3Tewtig iR I BT Ugd B 3R Yhel STcTsT 97 &
TR TR I Y ifa Y IiTsgaront o ¥ Sgaiq &mdT fG@ms 21 graifes, I9a &
1l g7 HTdR] H 81 dTel YRl &1 AT fiRTae a1 afkasp &g S A7 &
SIITIH TMTAT H HeeT LRATIUA B e 37eh! &fHAT IR 30T b Ugied 376 T8l g1
&1 ST, TR IV H, §HA TTeAT 3R HITHT® T STaHTeRR] 1 fdReryor foar difd
T8 TAT @TAT ST b {6 IA-IT IRITHTGR AT AIITHTDGR] BT FATSTT euITSHR I J
Hefad gRaddi BT Ta 3BT IRE ob B Jdbdl o] STferdT 3eTA1 § I8 MT gerfar
AT & fob STATHIERT Bl AP40 St e e W & 3rurd H HHTAISTT B
FfeRidl b T Hisg S 3icR BH 81 Tebd 8, ol 37epT el Jgai 81 Jebdl &
S 3T H, T UTT fob AU ITITHTRRT & Teb W T & IaR Famifoid
B H i TATSHT ATERI | Tal ATHTcHD 3R ARp &g & rdbiicias Al &
12l 39 Hed dgc? gUI 38 AfdRerd, gH UTAT fob TTSHT p-Tau217 deiT HITHTH
p-Tau205/AB40, NfL & I fietese AT Wi &Y ¢p B3 & g TuTfad ®u I
39T B Hepd &

TRILM W, T Ugel AARBA WIehIH TR p-Tau2 17 ST & Fafad Y& o1 giHfead
B & oy 3fad M-gfafesa fEfaal S Tmmar & g ag ¥ a6 a=
TFIAET 3R 3R $B SRIAIIRA 3TeulgHR I bl TgaT B 3iR Ig 3gHM o
% o5 P1-T7 Afdd THT & F1Y TeuITSHR T SHIRAT BT 3R FemT, 3= Hldhdm
& BXd &1 §AR STeT I8 Eid Bd & b Ad1 ALZpath p-Tau217 SRIARY &
Heayuf 81 3fdd:, g9 T fds WTeAT p-Tau217 3R FCHTH p-Tau205/AB40, NfL
P 1Y AR AT W BT $h B H TERIDb &l Thd &
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List of abbreviations

AP
AB-PET
AD
ADD
ADAD
ADLs
ADNC
APP
ARIA
AUC
A+

BBMs
CI
CERAD
Cond
CSF
CuU
EOAD
FDA
GFAP
IWG
LATE
MCI

Amyloid-beta

Amyloid positron emission tomography
Alzheimer’s disease

Alzheimer’s disease dementia

Autosomal dominant Alzheimer’s disease
Activities of daily living

Alzheimer’s disease neuropathologic change
Amyloid precursor protein
Amyloid-related imaging abnormalities
Area under the curve

Amyloid positive

Amyloid negative

Blood-based biomarkers

Confidence Interval

Consortium to Establish a Registry for Alzheimer’s disease
Condition

Cerebrospinal fluid

Cognitively unimpaired

Early-onset Alzheimer’s disease

Food and Drug Administration

Glial Fibrillary Acidic Protein
International working group

Late-onset Alzheimer’s disease

Mild cognitive impairment
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MRI
MS
MTBR
MRI
NA

NC
NFTs
NfL
NTA-tau
PET
p-Tau
PHFs
ROC
ROI

RT
SUVR
SCD
t-Tau
tau-PET
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Magnetic resonance imaging
Mass spectrometry

Microtubule binding region
Magnetic positron imaging

Not applicable
Non-centrifugation
Neurofibrillary tangles
Neurofilament light

N-terminal fragment of total Tau
Positron emission tomography
Phosphorylated Tau

Paired helical filaments
Receiver operating characteristic curve
Region of Interest

Room temperature

Standardized uptake value ratio
Subjective cognitive decline
Total Tau

Tau positron emission tomography



Introduction

Alzheimer’s disease

Dementia is an umbrella term which is commonly defined by a loss of cognitive
functions (ability to think, remember and reason) to an extent that severely interferes
with an individual’s day to day activities (1, 2). According to the World Health
Organization, more than 55 million individuals are currently living with dementia,
and about ten million new cases are diagnosed each year (3). Alzheimer’s disease is
one of the leading causes of dementia and accounts for up to 60-80% of dementia
cases (4). The global cost of treating Alzheimer’s disease and other dementias was
estimated to be around $384 billion in 2025, and as the population ages, this cost is
projected to rise to around $1 trillion by 2050 (5). Thus, Alzheimer’s disease poses
a massive economic burden on the healthcare system, and solutions for it are an
urgent need for the whole society.

Alzheimer’s disease is a neurodegenerative disorder, which typically begins with
subtle memory problems (forgetfulness). As the disease advances, the memory
problems worsen, followed by difficulties in other cognitive functions including
language, learning, motor planning, executive function, attention and visuospatial
abilities (6, 7). This represents a “typical” clinical presentation of Alzheimer’s
disease. However, there are less common, “atypical”, clinical manifestations which
do not usually begin with memory problems; instead they first affect visual,
language, executive, behavioral, or motor functions (8).

Alzheimer’s disease can be categorized into early-onset Alzheimer’s disease
(EOAD) and late-onset Alzheimer’s disease (LOAD) (9). EOAD and LOAD
primarily differ by the age of onset of Alzheimer’s disease symptoms. Symptom
onset in LOAD usually occurs between 60-65 years of age. The onset of EOAD
typically occurs between 30 years and 60-65 years of age. EOAD is typically linked
to autosomal dominant Alzheimer’s disease (ADAD), which is characterized by rare
genetic mutations such as Amyloid Precursor Protein (APP), presenilin 1 or
presenilin 2 (10-12). However, EOAD can also be sporadic, that is demonstrating
no clear pattern of inheritance, and is commonly influenced by genetic risk factors
(Apolipoprotein E(APOE) €4 allele), age, or environmental exposures (13).
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Hallmarks of Alzheimer’s disease

Historically, Alzheimer’s disease was coined after the German psychiatrist and
neuropathologist, Alois Alzheimer. In 1907, while performing a histopathological
examination of the brain of his patient, Auguste Deter, who passed away in a mental
asylum in Frankfurt, he identified abnormal alterations inside and outside neurons.
Dr. Alzheimer described these as cortical miliary foci and intracellular
neurofibrillary alterations (14). These abnormal changes, today recognized as
amyloid plaques and neurofibrillary tangles (NFTs), are the hallmarks of
Alzheimer’s disease (Figure 1).
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Figure 1. The illustration represents the main hallmarks of Alzheimer’s disease.
Neuropathological sections from the brain of an Alzheimer's disease patient. a) The balck arrow
represents plaque containing predominantely AB42; b) The upper red arrow represents neuropil thread,
the lower red arrow represents NFTs. The image was obtained from the Alzforum.

Ampyloid pathology

Amyloid plaques are primarily composed of extracellular deposits of peptides called
amyloid-beta (AP). Several forms of AP deposits exist, among which dense-core
plaques and diffuse plaques are the most common forms found in Alzheimer’s
disease patients (15). Dense core plaques are primarily composed of tightly packed
core of fibrillar AP, with a more loosely organized AP in the vicinity and are mostly
found in advance stages of the disease (15-18). However, not all dense core plaques
are alike (15). A subset of dense core plaques are neuritic plaques, i.e., they have a
centre core of AP and are additionally surrounded by damaged nerve cell processes
(neurites) (15). These damaged neuronal processes are known as dystrophic neurites
(15). Dystrophic neurites often contain either abnormal tau or APP, or both (19).
Some of the dystrophic neurites found in the proximity of neuritic plaques are
comprised of neuron-specific neurofilament proteins (15, 20, 21), which provide
structural support to axons (15, 22). This suggests that cytoskeletal alterations might
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contribute to neurodegenerative mechanisms. Activated microglia cells and reactive
astroglia, the key drivers of neuroinflammation, are often found surrounding the
neuritic plaques (15, 17, 23-25). Likewise, synaptic loss has been commonly
reported in the vicinity of these plaques (15, 17, 25, 26). Diffuse plaques lack a well-
defined core and are more diffuse in appearance (hence the name “diffuse”) and are
predominantly found in the early stages of Alzheimer’s disease (15).

AP is produced by proteolytic cleavage of APP (27). APP undergoes processing via
two distinct pathways: the non-amyloidogenic and amyloidogenic (16, 27) (Figure
2). In the non-amyloidogenic pathway, APP is cleaved by o-secretase, within the
AP domain preventing the formation of AB (16, 28). This cleavage leads to the
formation of a soluble monomeric peptide (SAPPa) (27). On the contrary, in the
amyloidogenic pathway, APP is sequentially cleaved by P- and y- secretase
(presenilin 1 and presenilin 2 are catalytic subunit of y-secretase complex) (29),
resulting in the formation of A peptides (mainly AB40 and AB42) (27). The longer
form (AP42) is more prone to aggregation.

Non-amyloidogenic Amyloidogenic Pathway
Pathway

increase
B-secretase

Amyloid
APP mutations Q / plaque

Extracellular cleavage AB peptide
space l
cell A a-secretase AB B-secretase []
membrane
i y-secretase = --------.
Cxteplasit Amyloid l
precursor
protein
(APP)

Figure 2. The illustration demonstrates the cleavage pathway of the transmembrane protein APP.
APP is cleaved via two pathways: the non-amyloidogenic (left) and amyloidogenic (right). In the non-
amyloidogenic pathway, APP is cleaved by o secretase within the AR domain. Whereas, in the
amyloidogenic pathway, APP is sequentially cleaved by 3- and y- secretase resulting in the formation of
ApB peptides, which ultimately results in the formation of AR plaques. Figure created with Biorender.
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In a healthy human brain, soluble monomeric AP peptides are generated
continuously (28). However, in the brain of an Alzheimer’s disease patient, due to
an imbalance between the production and clearance of A peptides, the monomeric
peptides first aggregate into oligomers, followed by protofibrils and finally into
insoluble fibrils, a key component of AP plaques (27).

Tau pathology

Intracellular NFTs are predominantly made up of filaments of misfolded tau protein
(30, 31). They develop through distinct stages, and exhibit varying morphological
and biochemical characteristics (32). NFTs first appear as pre-tangles and
subsequently develop into mature tangles, which ultimately disrupt the nucleus of
the neuron, resulting in neuronal death. Finally, the remains of mature tangles after
cell death, known as ghost tangles, are released extracellularly (32). Furthermore,
lesions of tau, known as neuropil threads (abnormal thread-like structures
containing filamentous tau) are also found in the Alzheimer’s disease brain (33).

The microtubule associated protein Tau, encoded by the MAPT gene, is present in
various neuronal compartments (axons, cell bodies, dendrites and synapses) (34-
38). The MAPT gene undergoes alternative splicing (exon 2, 3, and 10), resulting
in 6 different isoforms of Tau (Figure 3) containing 0, 1, or 2 inserts in the N-
terminal domain and three repeats (3R) or four repeats (4R) in the microtubule
binding domain: ON3R, IN3R, 2N3R, ON4R, IN4R, and 2N4R isoforms (36). Equal
numbers of 3R and 4R tau are found in the adult brain (39) but different levels are
found across primary and secondary tauopathies. A mix of 4R and 3R tau is
particularly present in paired helical filaments (PHFs) in Alzheimer’s disease (6).
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Figure 3. The illustration of different domains of Tau protein.

Tau is comprised of 4 major domains, i.e. N-terminal domain, proline rich domain, microtubule binding
domain and C-terminal domain. The alternate splicing of Tau protein (at exon 2, 3 and 10) results in the
formation of 6 different Tau isoforms. The figure was adapted from Bali et al. (2025 ) (40), and modified
using Biorender.

Under normal physiological conditions, tau undergoes phosphorylation and plays a
key role in microtubule stabilization, promoting axonal transport within neurons
(35, 41). In the Alzheimer’s disease brain, tau undergoes abnormal
hyperphosphorylation (42, 43), resulting in its detachment from microtubules (44)
and the formation of misfolded tau proteins within neurons (6, 30, 31). These
misfolded tau proteins further aggregate into PHFs, which in later stages form NFTs
and neuropil threads (42, 43, 45) (Figure 4).
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Figure 4. The illustration represents the role of tau in the healthy and diseased brain.

In healthy brain, tau plays a key role in stabilizing the microtubule (panel above). In diseased brain, tau
undergoes abnormal hyperphosphorylation and detaches from the microtubule (panel below). This
results in the formation of misfolded tau proteins, which aggregates into PHFs and eventually results into
the formation of NFTs. Created using Biorender.

The amyloid cascade hypothesis has long dominated the field of Alzheimer’s
disease, describes temporal evolution of pathological processes in Alzheimer’s
disease. According to this hypothesis, abnormal accumulation of AP plaques trigger
a series of pathological events, including hyperphosphorylation of tau, formation of
PHFs, development of NFTs, neuroinflammation, and finally neurodegeneration,
leading to the appearance of clinical symptoms (46).
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The progression to Alzheimer’s Disease

Progression of the neuropathologic burden

AP plaques deposition tends to follow a stereotypical spatiotemporal pattern (47).
The earliest AP deposits are found in the frontal, parietal, temporal or occipital
neocortex (Phase 1), followed by spreading to the entorhinal region, CAl and
insular cortex (Phase 2), further progressing to subcortical regions (Phase 3) and
eventually affecting the midbrain (Phase 4). Lastly, Ap can be identified in the
brainstem and cerebellum (Phase 5). This staging pattern which describes the
anatomical progression of AP deposition, was introduced by Dr. Dietmar Thal (a
neuropathologist) and is therefore known as Thal staging (47) (Figure 5a).

a. Amyloid-beta plaque pathology (Thal et al 2002)

Phase 0: No plaques Phase 1 Phase 4 Phase 5

b. Neurofibrillary tau tangle pathology (Braak and Braak 1991)

Stage | Stage Il Stage Il Stage IV Stage VI

Figure 5. The image represents the spreading of amyloid (a) and tau (b) pathology. The image was
obtained with permission from Springer Nature (48) and was modified using Biorender.

The Consortium to Establish a registry for Alzheimer’s disease (CERAD) score
(49), is another semi-quantitative neuropathological scoring system designed to
estimate the density of neuritic plaques in neocortical regions for the diagnosis of
Alzheimer’s disease. Based on the neuropathological evaluation of neuritic plaques
density, rather on its location as with the Thal method, the Alzheimer’s disease
diagnostic categories can be divided into 1) no Alzheimer’s disease (no neuritic
plaques), 2) possible Alzheimer’s disease (sparse neuritic plaques), and 3) probable
(moderate neuritic plaques) or definite Alzheimer’s disease (frequent neuritic
plaques). According to this scoring system, a diagnosis of Alzheimer’s disease
requires the presence of moderate or frequent neuritic plaques in one or more
neocortical regions. Furthermore, in case of probable Alzheimer’s disease, a patient
must exhibit a decline in memory without a history or evidence of other illness that
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could account for mental impairment. Instead of measuring the anatomical
progression of amyloid pathology, the CERAD score reflects the coexistence of
amyloid and phosphorylated tau in plaques (48).

Similar to Thal staging, the accumulation of NFTs in Alzheimer’s disease also
follows a typical spatial temporal pattern (50). The NFTs first appear in the
transentorhinal cortex and then progress to the entorhinal cortex (Stage I and II). As
the disease advances, NFTs further spread to hippocampus (Stage III and IV) and
finally reach the neocortical regions (Stage V and VI). This staging pattern,
describing the progression and anatomical distribution of NFTs is known as Braak
staging, named after Heiko Braak and Eva Braak (50) (Figure 5b).

A global score was developed by the National Institute on Aging and the
Alzheimer’s Association (NIA-AA) (51). In this scoring system, A represents the
AP phases ranging from AO (no A plaques) to A3 (Thal phase 4-5), B represents
the Braak NFT stages ranging from BO (no NFT tangles) to B3 (Braak stage V or
VI) and C represents the CERAD score ranging from CO (no neuritic plaques) to C3
(frequent neuritic plaques). Using this ABC score, the Alzheimer’s disease
neuropathologic changes (ADNC) can be categorized into four levels: 1) None 2)
Low 3) Intermediate 4) High.

Neurodegeneration in Alzheimer’s disease is tightly linked to the spread of tau
pathology. Neuronal loss and brain atrophy first occur in the entorhinal cortex,
followed by the hippocampus, amygdala and other medial temporal regions (52, 53).
Neurodegeneration and Neuroinflammation is outside the scope of this thesis and
will not be discussed in further detail.

Clinical Progression

It is well recognized that the Alzheimer’s disease progression follows a continuum
both biologically and clinically. However, three distinct clinical stages are used to
classify individuals in the clinical settings and in research studies: cognitively
unimpaired (CU), mild cognitive impairment (MCI) and dementia (54). In CU
individuals, cognitive function is objectively within the expected range for age and
sex norms. This assessment is made based on clinical evaluation and/or cognitive
test results. Individuals who report subjective cognitive decline (SCD) and/or
exhibit a slight decline during repeated cognitive testing are considered CU. In MCI,
cognitive performance is objectively altered. Evidence of a drop in cognitive
abilities is present. An individual with MCI can perform daily activities
independently but may require support with complex activities of daily life. Finally,
in the dementia stage, significant cognitive dysfunction affecting several domains
and/or neurobehavioral symptoms are observed. These impairments have a
substantial impact on activities of daily life, and the individual can no longer
function independently, requiring assistance with the daily tasks. Alzheimer’s
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disease dementia can be further subdivided into mild, moderate, and severe stages
that vary in the extent of functional impairment.

Recently a clinical staging of Alzheimer’s disease, which applies to individuals who
have the pathological changes (measured using biomarkers) associated with the
disease, has been proposed in a paper by the Alzheimer’s Association working
group (55). The six clinical stages include "stage 1: asymptomatic, biomarker
evidence only; stage 2: transitional decline, mild detectable change, but minimal
impact on daily function; stage 3: cognitive impairment with early functional
impact; stage 4: dementia with mild functional impairment; stage 5: dementia with
moderate functional impairment; and stage 6: dementia with severe functional
impairment."(55).

Treatments for Alzheimer’s disease

For a long time, Alzheimer’s disease was treated primarily with symptomatic
therapies using medications such as acetylcholinesterase inhibitors (56) (donepezil,
rivastigmine and galantamine) and the N-methyl-D-aspartate (NMDA) receptor
antagonist memantine (57). These medications were primarily focused on
mitigating symptoms in patients with mild to moderate Alzheimer’s disease and
have no effect on the underlying disease pathology or its progression.
Cholinesterase inhibitors provide relief by increasing the levels of acetylcholine, a
neurotransmitter that is decreased in Alzheimer’s disease patients due to neuronal
loss (56). In contrast, memantine acts by inhibiting the effects of glutamate, a
neurotransmitter found in excess in Alzheimer’s disease, which can promote
neuronal damage (57).

Based on the amyloid cascade hypothesis previously discussed, most clinical trials
conducted in Alzheimer’s disease have targeted AP pathology. For a long time,
therapeutic approaches designed to reduce or clear AP plaques failed for various
reasons. For example, in some cases, the efficacy of anti-Af drugs was suboptimal
(58). In others, there was misclassification of participants (substantial number of
participants did not have AP pathology in the brain). Furthermore, severe side
effects were seen for some drugs. AN1792, the first active vaccine, caused
meningoencephalitis (59); monoclonal antibody, bapineuzumab, which was
designed to neutralize the AP species, led to amyloid-related imaging abnormalities
(ARIA) at high doses (60, 61).

In 2021, an anti-amyloid treatment (monoclonal antibody), aducanumab, was the
first to demonstrate a clear effect on removing amyloid from the brains of
Alzheimer’s disease patients and received approval from the U.S. Food and Drug
Administration (FDA) under the accelerated approval pathway. However, this drug
was discontinued due to inconsistent evidence of clinical efficacy (i.e., effects on
cognition) (62, 63). Later, two effective anti-amyloid treatments, donanemab (64)
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and lecanemab (65), have shown consistent positive results on reducing cognitive
decline, which led to their traditional approval by the FDA. They have also been
approved by the European Medicines Agency (EMA), Japan, and Chinese
regulatory authorities and in some other parts of the world. These drugs have been
shown to significantly reduce AP plaques and slow cognitive decline by around
30%. Both, donanemab and lecanemab target fibrillar AP aggregates. However,
lecanemab targets soluble AP protofibrils (66), whereas donanemab targets the
insoluble pyroglutamate-modified N-terminal truncated form of AP found
exclusively in mature plaques. (67). Their binding promotes plaque removal via
microglial mediated phagocytosis (68-70). Both treatments are associated with
ARIA, requiring magnetic resonance imaging (MRI) monitoring. Importantly, for
patients to receive these drugs, they must demonstrate an adequate amount of AP
pathology in the brain.

Biomarkers of Alzheimer’s disease

Importance of biomarkers

Earlier, Alzheimer’s disease was diagnosed primarily based on clinical evaluation.
Patients with neurodegenerative diseases are often first managed in primary care
and then referred to specialised dementia or memory clinics depending on the
severity of their clinical symptoms, although the specific protocols can vary by
countries. It was reported that about 20-30% (71) of individuals with a clinical
diagnosis of Alzheimer’s disease are misdiagnosed, with even higher rates in
primary care settings (71). Such misdiagnosis can lead to suboptimal patient
treatment and care, as well as unnecessary medical visits and costly medical
examinations. Furthermore, this was also one of the reasons why some previous
clinical trials may have failed, as they included participants who were misdiagnosed
with Alzheimer’s disease. This situation has drastically improved with the
implementation of cerebrospinal fluid (CSF) (72) and neuroimaging biomarkers
(73) that can detect amyloid and tau pathology in patients with Alzheimer’s disease.

A biomarker is defined as an objective, measurable, and quantifiable indicator, of
biological or pathogenic process or responses to therapeutic intervention (74, 75). It
can be a molecule, gene, protein, enzyme, or physiological indicator present in
tissues, blood, or other body fluids (74, 75).

CSF and imaging biomarkers of Ap and tau

CSF biomarkers

CSF, a colourless liquid in contact with the brain, is found in the ventricles and the
subarachnoid space surrounding the brain and spinal cord (76). Some of this fluid
flows down the spinal cord toward the lumbar region. CSF is routinely obtained via
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lumbar puncture, a procedure in which a small volume of CSF is extracted using a
needle inserted into the lumbar vertebra (Figure 6) (77). Biochemical changes
occurring in the brain can be mirrored in the CSF. CSF protein concentrations can
be measured using various analytical methods, including immunoassay and mass
spectrometry (MS) (78).
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Figure 6. The figure represents a) the CSF collection procedure using lumbar puncture, and b)
the patient undergoing a positron emission tomography (PET) scan. Abbreviations: PET, positron
emission tomography. The image was created using Biorender.

In 1992-1993, CSF AP (79) and CSF total Tau (t-Tau) (80) were identified using
immunoassays. In 1995, two studies demonstrated that CSF AB42 and tau levels
were reduced in Alzheimer’s disease patients compared to controls (81, 82). Since
then, core CSF biomarkers including AB42 or the AB42/AB40 ratio as a measure of
AP pathology and p-Tau as a measure of tau pathology have been studied
extensively.

Ap

Several A peptides species are secreted into the CSF and blood, with AB40 being
the most abundant, while AB42 concentrations are usually lower (83, 84). Studies
have shown a roughly 50% reduction in CSF levels of AB42 in patients with
Alzheimer’s disease compared to CU older individuals (85), as AP42 tends to
aggregate into amyloid plaques, reducing its secretion in the CSF (86) (Figure 7).
Notably, the CSF AP42/AB40 ratio demonstrates higher diagnostic ability to
identify Alzheimer’s disease instead of CSF AB42 alone (87, 88). This is suspected
to be related to the fact that CSF AB40 reflects total AP production and using the
ratio accounts for the inter-individual differences in overall protein production and
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clearance. This implies that an actual decrease in AP42 can be detected more
accurately in individuals who produce more AP in general, whereas slightly low
CSF Ap42 levels in those who produce less AB overall would not be misinterpreted
as suggestive of brain amyloidosis (78, 89). Another reason for superior
performance of CSF AB42/AB40 could be that the pre-analytical handling of CSF
samples (i.e., how samples are treated prior to analysis) has the same impact on both
AR isoforms (90, 91).

P-Tau

In Alzheimer’s disease, abnormal tau undergoes phosphorylation at multiple
epitopes (amino acids 181, 217, 231, 205), primarily localised in the proline rich
domain of the tau protein [99]. Several soluble p-Tau fractions are secreted and can
be measured in CSF (Figure 7). Among p-Tau isoforms, p-Taul81 is the most
abundant (92, 93) and was historically the first biomarker to discriminate
Alzheimer’s disease from controls with high accuracy. CSF p-Taul81 and p-Tau217
are elevated in Alzheimer’s disease patients and can distinguish Alzheimer’s disease
from other neurodegenerative diseases with high accuracy (71, 78, 94). However,
CSF p-Tau217 shows stronger correlations with tau tangle load and severity of the
disease than CSF p-Taul81 (95), demonstrates superior performance in identifying
Alzheimer’s disease pathology and dementia, as well as in distinguishing
Alzheimer’s disease from other neurodegenerative disorders (93, 95-101). Levels of
CSF p-Taul81 and p-Tau2l7 increase during preclinical Alzheimer’s disease,
before the emergence of insoluble tau aggregates in the brain (101, 102) indicating
that these biomarkers start to change in response to abnormal accumulation of AP
plaques. Interestingly, CSF p-Tau217 is more strongly associated with A
pathology in Alzheimer’s disease than p-Taul81 (103). Furthermore, in comparison
to CSF p-Tau217, CSF p-Tau217/tau217 (phosphorylated/non-phosphorylated tau)
demonstrated even stronger associations with AP pathology indicating that similar
to AP42/AB40, the CSF p-Tau217/tau217 ratio might mitigate the effects of inter-
individual differences not related with Alzheimer’s disease (103).

CSF levels of another p-Tau species, p-Tau231, also rise very early in the
Alzheimer’s disease continuum, serving as an early indicator of emerging AP
pathology (104). A neuropathological study showed that p-Tau231 is primarily
found in pre-tangles, an earlier event in Alzheimer’s disease progression, whereas
p-Taul81 is primarily found in mature NFTs (a later event) (105). CSF p-Tau231
has demonstrated higher specificity than CSF p-Taul81 for distinguishing
Alzheimer’s disease patients from healthy controls (106).

In contrast, CSF p-Tau205 has emerged as a more specific marker of Alzheimer’s
disease tau-aggregate pathology showing stronger correlations with tau-PET than
AB-PET (103, 107). CSF p-Tau205 levels rise markedly in AB-PET and tau-PET
positive (A+T+) individuals compared to A+T- and A-T- participants but this
increase occurs after elevations in p-Tau217 and p-Taul81 levels. (107). In ADAD,
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CSF p-Tau205 had the strongest correlation with brain atrophy and
hypermetabolism compared to other p-Tau isoforms (108).

Lastly, a new tau species containing microtubule binding region of tau protein
(MTBR-tau) has been found in CSF. MTBR-tau is a central element of insoluble
tau aggregates (109-113). Recently, a specific MTBR-tau species, MTBR-tau243,
has been shown to closely associate with tau tangle pathology and cognitive
measures (114).

Imaging biomarkers

PET imaging allows the study of the amount and spatial distribution of the A and
tau pathologies and neurodegeneration in the brain of living people. There are
currently three AB-PET ligands, (18F)florbetapir, (18F)flutemetamol,
(18F)florbetaben), that have been approved and have been commonly used for the
diagnostic evaluation of Alzheimer’s disease (71, 115). These ligands detect
insoluble AP plaques with high precision and have been validated against
neuropathology (116-118). In MCI individuals, AB-PET can help identify
individuals who are at a higher risk of developing Alzheimer’s disease dementia
(ADD) (119), while in CU individuals, abnormal AB-PET is associated with future
cognitive decline (120). Conversely, negative AB-PET could rule out that an
individual with cognitive impairment might have Alzheimer’s disease.

The first tau-PET tracer, (18F)flortaucipir, which measures insoluble filamentous
deposits (insoluble tau fibrils) was developed more recently (121). While several
other tau-PET tracers have become available since then (including (18F)MK6240,
(18F)R0O948 and (18F)P1-2620) (121, 122), only (18F)flortaucipir has been so far
approved by the FDA for use in clinical practice for diagnosis of Alzheimer’s
disease (123). Notably, tau-PET demonstrates higher diagnostic precision in
comparison to AB-PET and CSF AB42/AB40 when differentiating ADD from other
neurodegenerative diseases (124, 125). Furthermore, tau-PET has been found to be
strongly linked to early clinical symptoms compared to AB-PET (126). The imaging
biomarkers remain outside the scope of this thesis and will not be discussed in
further detail.

Despite their proven diagnostic ability, CSF and imaging biomarkers have several
limitations that restrict their widespread implementation (71, 78). CSF sampling via
lumbar puncture is invasive and may cause mild adverse events; PET exposes
individuals to radiation and requires complex facilities; while both can only be
performed by specialised staff. Moreover, these biomarkers are expensive and
demands substantial financial investment. Consequently, considerable effort has
been devoted to develop blood-based biomarkers (BBMs), which can measure
pathological processes associated with Alzheimer’s disease with high precision and
accuracy. Since their development few years ago, BBMs have revolutionised the
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field of Alzheimer’s disease. They are minimally invasive, cost-effective and easily
accessible.

Blood-based biomarkers of Af and tau

Ap

Initially, it was challenging to measure plasma AB42/AB40, with studies reporting
inconsistent findings (127). But in 2016, a study using an ultrasensitive method
(immunoassay) to quantify plasma AP42/AB40 (128) demonstrated moderate
accuracy in predicting abnormal AB-PET. With advancements in technology,
several MS-based methods (129-131) and immunoassays (132-134) were developed
showing very promising results. In comparison to most immunoassays, MS-based
methods clearly demonstrate higher accuracy in detecting cerebral AP pathology
(132-134). Nevertheless, the utility of plasma AB42/AB40 is limited, as individuals
with abnormal AP status demonstrate only 10-20% decrease in plasma AB42/AB40
levels (in comparison CSF AB42/AB40 is decreased by 50%) (Figure 7). One
possible explanation for this discrepancy is that plasma AB42/AB40 levels are also
influenced by A produced outside the brain (129, 131-133).

P-Tau

Over the years, various highly sensitive assays have been developed that could
measure p-Tau species (Figure 7) in blood such as p-Taul81 (135-138), p-Tau217
(139, 140), and p-Tau231 (141) with high accuracy and precision. They have also
been found to be significantly correlated with their corresponding CSF isoforms
(139, 141, 142). Some studies have shown that plasma p-Tau2l7 performed
significantly better at detecting Alzheimer’s disease pathology (using AB-PET, tau-
PET, CSF AP42/AB40) and predicting future advancement to ADD (143-145).
Neuropathological studies demonstrated significant correlation between plasma p-
Tau217 and Alzheimer’s disease autopsy confirmed cases (146, 147). Plasma p-
Tau217 exhibits high accuracy in distinguishing preclinical Alzheimer’s disease
from controls and outperforms p-Taul81 in discriminating Alzheimer’s disease
from other neurodegenerative diseases (101, 138, 139, 148-150). Higher fold
change in plasma p-Tau217 levels have been reported between Alzheimer’s disease
individuals and controls compared to plasma p-Taul81 (140, 151, 152).
Longitudinal plasma p-Tau217 levels have also been found to be significantly
associated with cognitive decline and brain atrophy in preclinical Alzheimer’s
disease  (153). MS-derived plasma %p-Tau2l7 (phosphorylated/non-
phosphorylated tau) demonstrates equivalent diagnostic performance to FDA
approved CSF tests for determining Alzheimer’s disease pathology (154). Plasma
p-Tau217, p-Taul81 and p-Tau231 have been found to be more strongly associated
with AP pathology (AB-PET) than tau pathology (tau-PET) and their levels have
been found to be increased early and prior to detection of tau aggregation by PET
(101, 136, 144, 155-159). Levels of plasma p-Tau231 might increase earlier than
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plasma p-Tau217 and p-Taul81 along the Alzheimer’s disease continuum (141,
148, 160). Another p-Tau variant, p-Tau212, have shown similar diagnostic
accuracy as p-Tau217 for both amyloid and tau pathology but outperformed p-
Tau231 and p-Taul81 (161). Elevated plasma p-Tau212 has also been reported in
individuals with Down Syndrome (162). Recently, more tangle associated
biomarkers have also been identified. Plasma p-Tau205 has been found to be more
closely associated with tau than AP pathology (measured by AB-PET and tau-PET)
(163). Furthermore, emerging eMTBR-tau 243 in plasma showcased tighter
association with tau tangle pathology (measured by tau-PET) and cognitive
performance (164).

Since the first p-Tau assays were developed, various new assays for different p-Tau
variants have been established that use different tau-specific antibodies, detection
systems and analytical procedures. It was not clear how these assays compared in
terms of performance because different studies used different assays and cohorts,
making direct comparison impossible.

Biomarkers of neurodegeneration and neuroinflammation

One of the most established fluid biomarkers of neurodegeneration is neurofilament
light (NfL). NfL plays a key role in providing structural support, promoting growth
and facilitating signal transmission in axons (165). Increases in CSF and plasma
NfL levels occur as a result of its release from injured axons (Figure 7). Elevated
levels of NfL have been found not only in Alzheimer’s disease but also in other
neurodegenerative  diseases, for example amyotrophic lateral sclerosis,
frontotemporal dementia and atypical parkinsonian disorders and vascular
pathologies (71, 166, 167). Thus, NfL serves as an unspecific proxy for
neurodegeneration and brain atrophy (78).

t-Tau is also considered a biomarker of neurodegeneration because its CSF and
plasma levels are increased in Creutzfeldt-Jacob disease (168), head trauma, brain
stroke (169, 170), anoxia and peripheral nerve disorders (171, 172) However,
existing evidence suggests t-Tau levels may also reflect Alzheimer’s disease-related
tau pathology. For example, strong correlations between CSF t-Tau and p-Tau are
seen in Alzheimer’s disease. Moreover, CSF and plasma t-Tau concentrations have
been found to increase early in ADAD (173). Finally, N-terminal fragments of t-
Tau (NTA-tau) measured in CSF and plasma using a novel NTA assay were found
to closely associate with tau tangle pathology (174).

Neuroinflammation and specifically astrocytic activation are characteristic features
of Alzheimer’s disease. Glial Fibrillary Acidic protein (GFAP) is a component of
cytoskeleton involved in reactive remodelling of astrocytes. GFAP can be detected
in both CSF and plasma and has been used as a marker of astrogliosis (Figure 7).
Increased plasma GFAP levels (and to a less extent GFAP levels in CSF) (175) have
been found in individuals with AP pathology (176) and are predictive of future
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cognitive decline and conversion to ADD in MCI and CU individuals (177, 178).
However, changes in plasma GFAP are not specific for Alzheimer’s disease and its
levels are also elevated in other neurodegenerative disorder such as frontotemporal
dementia (179). Other fluid markers of inflammatory response exist, such as
sTREM2 in relation to microglial activation, but they are outside the scope of this
thesis.

Structural MRI is commonly used to assess cortical and subcortical brain atrophy as
indicators of neurodegeneration (180, 181). Other neuroimaging markers of
neurodegeneration (e.g., fluorodeoxyglucose-positron emission tomography) as
well as inflammatory responses and glial activation (e.g., translocator protein
positron emission tomography (TSPO-PET)), are outside the scope of this thesis.
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Pre-analytical sample handling affects fluid biomarkers

Pre-analytical factors refer to sample handling conditions that could potentially
influence the concentrations of fluid biomarkers (CSF and plasma) prior to
analytical assessment (Figure 8).

Previous studies have revealed that pre-analytical factors such as tube material,
aliquot tube volume, storage time, repeated freeze-thaw cycles, additives and
centrifugation, have a significant impact on the core CSF Alzheimer’s disease
biomarker (AB42, p-Tau, t-Tau) concentrations (183-198). The effects of these pre-
analytical factors were pronounced for CSF AB42, followed by CSF t-Tau and lastly
CSF p-Tau (185), accounting for a large part of the total variability found in
biomarker concentrations (184, 185, 199). Therefore, a consensus emerged that
harmonizing the pre-analytical sample handling could substantially reduce
variability in biomarker concentrations, improve biomarker diagnostic accuracy,
minimize rates of patient misclassification and thereby allow comparison of
biomarker results across various laboratories and ultimately promote the inclusion
of CSF biomarker testing in both research and routine clinical practice (185). As a
result, in 2021, a simple and standardized pre-analytical protocol for CSF collection
and handling was established (200).
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Figure 8. The image highlights some pre-analytical factors related to plasma and CSF biomarkers.
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Some studies have investigated the effects of pre-analytical factors on plasma
biomarker concentrations, albeit not as extensively as for CSF biomarkers. These
studies revealed that levels of plasma AB40, AP42 and t-Tau were affected by
delayed centrifugation and storage temperature, tube types, freeze thaw cycles, tube
transfer, and anticoagulants (201-206), whereas, only levels of plasma AB40 and
AB42 were found to be affected by delayed processing after the blood drawn prior
to centrifugation (201). Using the ratio of plasma AP40/AB42 instead of individual
plasma AB40 and AB42, only partially mitigated the pre-analytical effects (202, 203,
207). Plasma p-Taul81 levels were found to be affected by freeze-thaw cycles, tube
types and storage temperature (202-205, 207). However, not many studies have
examined the effect of pre-analytical factors on plasma p-Tau217 concentrations.
These studies have demonstrated that plasma p-Tau217 levels exhibit high
robustness, showing no significant influence from pre-analytical conditions such as
delays in blood processing, storage temperature and time, anticoagulants, tube
transfer, tube types and remain stable up to four freeze-thaw cycles (202, 206, 208).

Biological diagnosis and staging of Alzheimer’s disease

The Alzheimer’s Association criteria for diagnosis and staging of Alzheimer’s
disease

In 2024, the Alzheimer’s Association Workgroup revised the 2018 diagnosis and
staging criteria of Alzheimer’s disease, taking into account recent progress in the
BBMs, regulatory approval of the first disease-modifying therapies and better
insights into distinction and similarity between imaging, CSF and BBMs (55). A
unified biological (based on biomarkers) and clinical staging of Alzheimer’s disease
was outlined.

Biological diagnosis

The biomarkers were categorized into three broad categories: 1) core biomarkers of
Alzheimer’s disease neuropathologic change (ADNPC); 2) biomarkers of
pathological processes common for Alzheimer’s disease and other
neurodegenerative disorders; and 3) biomarkers of co-pathologies that often co-
occur with Alzheimer’s disease. These categories are further divided (Table 1) as:

- Category 1, comprised of Core 1 and Core 2 biomarkers. Core 1 biomarkers are
further divided into A (AP proteinopathy) and T; (phosphorylated and secreted
Alzheimer’s disease tau). Core 2 biomarkers comprise the T, (Alzheimer’s disease
tau proteinopathy) category.

- Category 2, includes N (neurodegeneration) and I (inflammatory markers)
categories.
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- Category 3, consists of V (vascular brain injury) and S (alpha synucleinopathy)
categories.

Table 1: Categorization of fluid analyte and imaging biomarkers. This table is reproduced from
Jack et al 20204 (55)

Abbreviations: aSyn-SAA, alpha-synuclein seed amplification assay; CT, computed tomography; FDG,
fluorodeoxyglucose; WMH, white matter hyperintensity

Biomarker category CSF or plasma analytes Imaging
Core Biomarkers

Core 1

A: (AB proteinopathy) AB42 Amyloid PET
T1: (phosphorylated and secreted AD tau) p-Tau217, p-Tau181, p-Tau231

Core 2

MTBR-Tau243, other phosphorylated tau
T2: (AD tau proteinopathy) forms (eg: p-Tau205), non-phosphorylated Tau PET
mid-region tau fragments

Biomarkers of non-specific process involved in Alzheimer’s disease pathophysiology
N: (injury, dysfunction, or degeneration of
neuropil)

I: (Inflammation)

Astrocytic activation

NfL Anatomic MRI, FDG-PET

GFAP

Biomarkers of non-Alzheimer’s disease pathology

Infarction on MRI, or

V: vascular brain injury CT.WMH

S: a-synuclein aSyn-SAA

According to the proposed criteria, abnormalities in Core 1 biomarkers (Ap PET,
CSF AP42/AP40, CSF p-Taul81/Ap42, CSF t-Tau/AP or accurate plasma assays
and in particular p-Tau217) (Table 2) can be used to diagnose Alzheimer’s disease
in asymptomatic and symptomatic people. However, diagnostic testing is not
currently recommended for CU individuals because there are no approved
treatments for this population. Core 2 biomarkers (MTBR-Tau243, p-Tau205, tau-
PET, non-phosphorylated mid-region tau fragments) (Table 2) should not be used
as a standalone diagnostic test for Alzheimer’s disease. Instead, Core 2 biomarkers
combined with Core 1 biomarkers can be used for identifying the biological stages
of disease and to inform about: a) the possibility that the symptoms are linked to
Alzheimer’s disease; b) the rate of disease progression in symptomatic patients; and
¢) likelihood of short-term progression in asymptomatic individuals (55).
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Table 2: Intended use for imaging, CSF and plasma biomarker assays. This table is reproduced
from Jack et al 20204 (55)

Abbreviations: aSyn-SAA, alpha-synuclein seed amplification assay; CT, computed tomography; FDG,
fluorodeoxyglucose; WMH, white matter hyperintensity

Intended use CSF Plasma Imaging
Diagnosis
A: (AB proteinopathy) _ _ Amyloid PET
T1: (phosphorylated and secreted g
Alzheimer’s disease tau) - p-Tau217 -
. . p-Tau181/ABR42, t-tau/AR42, o 1o
Hybrid ratios AB40/AB42 % p-Tau217 _
Staging, prognosis, as an indicator of biological treatment effect
A: (AB proteinopathy) _ Amyloid PET

T1: (phosphorylated and secreted
Alzheimer’s disease tau) -

p-Tau181/AB42, ttau/AB42,

p-Tau217

Hybrid ratios % p-Tau217

AB40/AB42 —
T2 (Alzheimer‘s disease tau MTBR-Tau243, other . MTBR-Tau243,
proteinopathy) phosphorylated tau forms (eg: p-

other p-Tau forms TauPET

Tau205), non-phosphorylated mid- (eg, p-Tau205)

region tau fragments

N: (injury, dysfunction, or NFL NiL Anatomic MR,

degeneration of neuropil) FDG-PET

I: (Inflammation) Astrocytic activation GFAP GFAP _

Identification of copathology

N: (injury, dysfunction, or NfL NfL Anatomic MRI,

degeneration of neuropil) FDG-PET

V: vascular brain inju Infarction on MRI,
: ury - - or CT,WMH

S: o-synuclein oSyn-SAA _

Staging

The biological staging of Alzheimer’s disease is based solely on core biomarkers.
This staging implies that an individual progresses in a sequence, from initial stages
to advanced stages. A four-stage scheme is proposed. According to this scheme,
changing biomarkers correspond to the following stages: Stage A (early); Stage B
(initial); Stage C (intermediate); and Stage D (advanced).

The staging is done employing AB-PET and tau-PET or with the combination of
Core 1 fluid biomarkers and tau-PET (Table 3) (55). Abnormal AB-PET or Core 1
biomarkers indicate stage A or higher, whereas tau-PET distinguishes stages A-D
from one another, reflecting the spread of tau pathology from the medial temporal
lobe into neocortical regions and the amount of neocortical tau-PET uptake: stage
A, negative tau-PET (A+T»-); stage B, tau-PET uptake limited to the medial
temporal region (A+ Tomrt); stage C, moderate tau-PET uptake in a neocortical
region of interest (ROI) (A+ Tomopt); stage D, high tau-PET uptake in the same
neocortical area (A+ Tomigut). CSF/plasma biomarker-based staging may be done
in the future when there is enough evidence to support such an approach.
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Table 3: Biological Staging. This table is reproduced from Jack et al 20204 (55)

Intial-stage Early-stage Intermediate-stage Advanced-stage
biomarkers biomarkers biomarkers biomarkers
(A) (B) (©) (D)
PET Amyloid PET Tau PET me.d|al Tau PET moderate Tau PET high
temporal region neocortical uptake neocortical uptake
A+ Taz- A+ Toumt A+ Tomopt A+ Tomiert

CSF AB40/AB42, p-Tau181/AB42, t-tau/AB42 and accurate Core 1 plasma assays can establish that
Core 1 fluid an individual is in biological stage A or higher, but cannot discriminate between PET stages A-D at
present

The biological as well as clinical staging described above are integrated into a single
staging scheme (Table 4) reflecting the link between biological stages and
progression of clinical symptoms. The highlighted diagonal (Table 4) represents the
expected Alzheimer’s disease progression trajectory. But this may be modified by
the presence of comorbid pathologies and resilience.

Table 4: Integrated biological and clinical staging. This table is reproduced from Jack et al 2024
(55)

Stage Clinical Clinical Clinical Clinical

0 Stage 1 Stage 2 Stage 3 Stage 4
Initial biological stage (A) X 1A 2A 3A 4-6 A
Initial biological stage (B) X 1B 2B 3B 4-6 B
Initial biological stage (C) X 1C 2C 3C 4-6 C
Initial biological stage (D) X 1D 2D 3D 4-6 D

International working group (IWG) recommendations for clinical-biological
diagnosis of Alzheimer’s disease

Diagnostic criteria for Alzheimer’s disease proposed by the International Working
Group (IWG) share several similarities with the Alzheimer’s Association criteria,
such as both groups agree that: a) abnormal biomarker levels must be present for an
Alzheimer’s disease diagnosis; b) in clinical settings, individuals who do not show
any symptoms of Alzheimer’s disease should not undergo biomarker testing; c)
assessing an individual’s risk is essential; d) Alzheimer’s disease often does not
occur alone and is frequently accompanied by co-pathologies that contribute to
cognitive impairment; e) Alzheimer’s disease related changes begin many years
before symptoms appear.

However, one major difference between the two criteria lies in how they classify
individuals who show no symptoms but have abnormal Alzheimer’s disease
biomarker levels. The IWG states that asymptomatic individuals with abnormal
biomarkers should not be labelled as having Alzheimer’s disease; rather, they must
be considered “at risk” of developing the disease. In contrast, the Alzheimer’s
Association workgroup views Alzheimer’s disease as a biological process and
considers individuals who have abnormal biomarker levels, even if they do not yet
show symptoms, as having Alzheimer’s disease pathology.
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Aims of the thesis

The overall aim of this thesis was to aid the implementation of plasma p-Tau as a
biomarker of Alzheimer’s disease in clinical practice and drug trials. Specifically,
we aimed to:

Develop standardized pre-analytical sample handling procedures to ensure
optimal performance of plasma p-Tau217 which is considered one of the
best plasma p-Tau biomarkers for Alzheimer’s disease (paper I).

Compare the performance of p-Tau217 and other p-Tau variants measured
using different analytical approaches in their ability to detect abnormal A
status and to predict progression to ADD (paper II).

Evaluate the performance of a novel ALZpath p-Tau217 immunoassay in
comparison to established p-Tau217 and p-Taul81 immunoassays in a
neuropathological cohort (paper I1I).

Determine the best performing CSF and plasma p-Tau biomarkers that
could be utilised (in combination with other promising biomarkers) for
monitoring Alzheimer’s disease progression (paper 1V).
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Methods

This section will provide a brief overview of the methods. For detailed description
concerning methodology and sensitivity analysis please refer to the individual
papers in the appendix of this thesis.

Study cohorts

The studies included in this thesis primarily utilized data from three cohorts. Each
study has a distinct aim, design and is based on different data modalities. Paper 1
and IV used data from Swedish BioFINDER-1 cohort, Paper II utilized data from
MCI cohort and Paper III used data from the Arizona Study of Aging and
Neurodegenerative Disorders cohort.

Swedish BioFINDER- 1

Swedish BioFINDER-1 (NCT01208675, https://biofinder.se/one/) study was started
in 2009, with the aim to understand the underlying causes of different
neurodegenerative diseases including Alzheimer’s disease. This cohort is comprised
of more than 1600 participants who were recruited at the memory clinics at Skéne
University Hospital and Angelholm hospital, Sweden. This is a longitudinal study
with a follow-up of up to 10 years including primarily CU individuals and patients
with MCI and dementia. Study participants underwent an extensive cognitive,
neurological and psychiatric assessment, CSF and blood collection and MRI.

MCI cohort

MCI cohort included individuals with a baseline diagnosis of MCI who were
recruited at the Memory clinic, Skane University Hospital, Malmd, Sweden. All the
participants went through an extensive cognitive, neurological and psychiatric
assessment and were followed up for about 4.9 years. Petersen criteria were fulfilled
by every participant who was diagnosed as MCI at baseline. During follow up,
participants who eventually developed ADD had fulfilled the dementia criteria by
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DSM-IIIR and probable Alzheimer’s disease criteria by NINCDS-ADRDA and had
abnormal CSF AB42/AB40 ratio.

Arizona Study of Aging and Neurodegenerative disorders cohort

In 1987, at Banner Sun Health Research Institute, a program known as The Brain
and Body Donation Program (BBDP), was started with the main aim of collecting
donated brains and currently has a collection of approximately more than1600
brains. The BBDP program is now described as the Arizona Study of Aging and
Neurodegenerative disorders (AZSAND). The participants included in this cohort
are mainly from the retirement communities based in the urban areas of Phoenix,
Arizona, with a clinical diagnosis of CU, MCI, Alzheimer’s disease or non-
Alzheimer’s disease dementia. All participants included in this cohort undergo an
extensive medical check-up (including blood sampling), neurological,
neuropsychological and movement disorder assessments and after death their brains
are analyzed by highly experienced and medically licensed pathologists. Arizona
Study of Aging and Neurodegenerative disorders (AZSAND) is referred to as the
Banner neuropathology cohort in the thesis.

Clinical studies

Ethical Approval

Study I, II and IV in this thesis were approved by the Ethics Committee at Lund
University, Sweden and specifically Study III which was conducted in collaboration
with Arizona Banner Institute was approved by the Institutional Review Board of
the Brain and Body Donation Program, Arizona, United States. Written consent was
acquired from all the participants or their legal responsible person.

Study Design

Paper 1

In paper I, we included 50 AP+ and 50 Ap- participants from the Swedish
BioFINDER-1 cohort. The impact of pre-analytical conditions on the concentration
and performance of plasma p-Tau217 was examined. Plasma samples were either
thawed at room temperature (RT) or on ice. For each of the thawing method, we
compared samples that were centrifuged and those that were not centrifuged,
resulting in four conditions: (1) thawed at RT, not centrifuged (2) thawed at RT,
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centrifuged (3) thawed on ice, not centrifuged (4) thawed on ice, centrifuged.
Additionally, three freeze-thaw cycles were also tested.

Paper 11

A total of 135 participants, who were diagnosed as MCI at baseline were included.
All these participants were followed for up to 4.9 years. Participants were
categorized into MCI-ADD if they developed ADD during follow-up (n=45) and
non-progressors (MCl-stable cases and those who progressed to non-ADD, n=90).
Non-progressors were further divided into A+ (n=26) and A- (n=64) based on the
CSF AB40/AP42 ratio. Plasma and CSF samples were analyzed for several p-Tau
species that were measured with different analytical methods (immunoassays and
MS). We primarily focused on evaluating the ability of different p-Tau biomarkers
to accurately detect abnormal AP status and predict future advancement to ADD.
Furthermore, we also performed sensitivity analyses in a subcohort of participants,
who had data available for all p-Tau species included in the study.

Paper 1T

From the Banner neuropathology cohort, we included 72 participants who all had
antemortem plasma samples and underwent postmortem neuropathological
assessment. Study participants were divided into two groups based on the ADNC
scale, i.e. none/low ADNC (n=30) and intermediate/high ADNC (n=42). We
evaluated the associations of different plasma biomarkers with density scores of
amyloid plaque and neurofibrillary changes (Braak, CERAD) as well as with
ADNC. The clinical diagnosis of participants ranged from CU, MCI, Alzheimer’s
disease to non-Alzheimer’s disease dementia.

Paper IV

We included 850 participants from the Swedish BioFINDER-1 cohort who were
followed for up to 8 years. The participants were diagnosed as either CU (n=675)
or MCI (n=175) at baseline. Data on various plasma and CSF biomarkers, cognitive
assessments and neuroimaging (MRI) was available. In this study, we assessed the
associations between the longitudinal changes in plasma and CSF biomarkers (with
and without normalization to reference proteins) and longitudinal changes in
cognition and brain atrophy. Furthermore, we identified the most parsimonious CSF
and plasma biomarker demonstrating strongest associations with change in
cognitive decline and atrophy.
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CSF and blood sample collection

CSF

In paper I, II and IV, CSF samples were collected from all the participants via
lumbar puncture and centrifuged for 10 minutes at 2000g, 4°C. After centrifugation,
CSF samples were aliquoted and stored at -80°C until further analysis.

Plasma

In paper I, II and IV, blood samples were collected in ethylenediaminetetraacetic
acid (EDTA) tubes and were centrifuged for 10 minutes at 2000g, 4°C. After
centrifugation, plasma was extracted, transferred to another 50 ml tube, mixed and
aliquoted and stored at -80°C until further analysis.

In paper 111, blood samples were collected at the Arizona Banner Health Institute
and one of the antemortem plasma aliquots was shipped to our laboratory at Lund
University, Sweden for analysis.

CSF and blood samples — Biochemical analysis

Paper 1

Immunoassay developed by Lilly laboratories on mesoscale discovery (MSD)
platform was used to measure plasma and CSF p-Tau217. CSF AB40/Ap42 was
measured using a fully automated Elecsys immunoassay developed by Roche
Diagnostics.

Paper 11

Several assays based on different platforms were used to measure p-Tau species (p-
Tau217, p-Taul81 and p-Tau231). Information about different assays is
summarised in Table 5 below:

Table 5: Description of various p-Tau assays

p-Ta_u Plasma | CSF Name of the platform/ Name of the Institute/

species assay company
MSD immunoassay Eli Lilly

p-Tau217 MS-based assay Washington University
si . Janssen Research and

imoa immunoassay
Development

MSD immunoassay Eli Lilly
MS-based assay Washington University

p-Tau181 Simoa immunoassay Gothenburg University
Simoa immunoassay ADx Neuroscience
Lumipulse immunoassay Fujirebio
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Splex immunoassay MSD

p-Tau231 Inhous‘e Simoa immunoassay Gothenburg University
Splex immunoassay MSD
Paper 111

Plasma p-Tau217 was measured using ALZpath immunoassay based on the SIMOA
platform in Phoenix, Arizona. Lilly MSD immunoassays were used to measure
plasma p-Tau217 and p-Taul81 at Lund University.

Paper 1V
Several CSF and plasma biomarkers were measured using different immunoassays.
Overview of all the biomarkers is described below:

= CSF and plasma p-Tau217: MSD immunoassay (Lilly)

= CSF p-Taul8l, t-Tau, AB40, AB42: Elecsys immunoassay (Roche)
= CSF NfL, GFAP: NeuroToolKit assay (Roche)

= CSF p-Tau205: Simoa immunoassay (Quanterix)

= Plasma AP40, AB42, p-Taul81, GFAP, NFL: Prototype immunoassays
(Roche)

= Plasma p-Tau212, NTA-Tau: Simoa immunoassay (Quanterix)

Postmortem methods

Neuropathological assessment

In paper 111, the data obtained from the histopathological scoring was utilised. The
scoring was done by a single neuropathologist at Arizona Banner institute (Dr.
Thomas G. Beach). CERAD template was used to calculate the total plaque density
score, and the same template was used for calculating the neurofibrillary density
score. Braak staging for spatial distribution of neurofibrillary changes, CERAD
classification of neuritic plaque density scores and Thal staging of AP plaque
distribution were used as neuropathology measures. Global ADNC was calculated
based on the Braak, CERAD and Thal scales (209). For a detailed description of
histopathological scoring please refer to paper I1I.

Imaging

As a part of Paper 1V, cortical thickness was used as a measure of brain atrophy.
For this, first a 3T MRI scanner was utilized to obtain T1-weighted MRI scans.
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FreeSurfer 6.0 was employed for the generation of structural segmentations and for
the calculation of the cortical thickness. Cortical thickness was measured in
Alzheimer’s disease signature regions (temporal meta-ROI) (210). For a detailed
description of MRI acquisition and processing refer to paper 1V.

Cognitive testing

In paper IV, two measures evaluating cognitive functions were used: (1) the Mini-
Mental State Examination (MMSE) and (2) the modified Preclinical Alzheimer’s
Cognitive Composite (mPACC). MMSE is a measure of one’s cognitive abilities,
evaluated on a scale of 0 to 30 points. The higher the score, the better the cognitive
performance and vice versa. However, this test did not demonstrate high sensitivity
(211). Hence, a more sensitive cognitive measure, mPACC score, was also used.
This score measures an individual’s global cognition. A detailed description about
the calculation of the mPACC score can be found in paper 1V.

Statistical analysis

In paper I, all statistical analyses were performed using SPSS software, whereas for
papers 1I-1V, R studio was used.

Paper I

For determining the correlations between CSF biomarkers (p-Tau2l7 and
AP42/AB40) and plasma p-Tau2l7, the Spearman’s correlation was utilized. To
measure how well plasma p-Tau217 could distinguish abnormal from normal CSF
AP42/AP40 and p-Tau217 status, receiver operating characteristic (ROC) was used.
The influence of pre-analytical factors on the concentrations of plasma p-Tau217
was determined with a two-way repeated measures ANOVA.

Paper 11

Group differences in plasma p-Tau biomarker levels were examined with univariate
general linear models (adjusted for age, sex) and additionally for duration of follow-
up when comparing MCI who advanced to ADD to those who did not. To assess the
correlation between various CSF and plasma biomarkers, the Spearman’s
correlation was used. Differences between correlation coefficients were measured
using bootstrapping. ROC curve was utilised to assess the diagnostic performance
of CSF biomarkers. The areas under the curve (AUC) between two curves were
compared using the DeLong test.
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Paper 111

The Spearman’s test was used to examine the cross-correlation between different
plasma biomarkers (p-Tau217arzpam, p-Tau217ciy and p-Taul81piuy). To assess the
associations of plasma biomarkers with AP plaque and neurofibrillary density
scores, partial Spearman’s correlation was used (adjusted for age, sex and time
between blood drawn to death). Similar sets of analyses were performed with
models also including neurofibrillary density score as a covariate when assessing
the associations between biomarkers and AP plaque score, and vice versa. The
significant differences between correlation coefficients were assessed using
bootstrapping. Kruskal-Wallis and Mann-Whitney tests were used to compare
biomarker levels between different pathological groups. ROC curve analysis was
utilised to assess diagnostic performance of various plasma biomarkers. To compare
the AUC between two curves, the DeLong test was used.

Paper IV

Linear mixed-effect models were used to assess the associations between
longitudinal changes in biomarkers (CSF/plasma) and longitudinal changes in
cognitive decline (measured using MMSE and mPACC) and brain atrophy
(measured using cortical thickness). In the independent models, CSF/plasma slopes
were included as predictors and longitudinal cognition and atrophy as outcomes.
The slopes were calculated using linear mixed-effect models, with time as the only
predictor. Age and sex, and their interactions with time, were included as covariates
in each model. Education and its interaction with time were also included as
covariates in the cognition models. We determined differences in beta estimates
using bootstrapping to compare the strength of associations between biomarkers or
their respective ratios with cognitive decline or brain atrophy. Finally, we identified
the most parsimonious CSF and plasma biomarker models showcasing the strongest
associations with longitudinal cognition and brain atrophy.
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Summary of key results

In the following section, the main results of each paper are described. For full details
on the methodology and additional analyses please refer to the individual papers in
the appendix of this thesis.

Paper I

Plasma biomarkers have revolutionized the Alzheimer’s field. However, there are
still substantial uncertainties regarding the influence of pre-analytical conditions on
their levels and performance. Therefore, the impact of pre-analytical factors on
plasma p-Tau2l7 (one of the top-performing plasma Alzheimer’s disease
biomarkers) was assessed in this study.

We tested how conditions such as thawing temperature, centrifugation and freeze-
thaw cycles could impact concentration of p-Tau2l7, and also its ability to
distinguish abnormal CSF AB42/AB40 and/or CSF p-Tau217 status. To this end, we
quantified plasma p-Tau217, CSF p-Tau217 and CSF AB42/AB40 in individuals
with (AP+, n=50) and without (AP-, n=50) evidence of brain amyloid pathology,
from the Swedish BioFINDER-1 cohort. Plasma samples were either thawed at
room temperature (RT) or on ice. For each thawing method, we compared samples
that were centrifuged and samples that were not, resulting in four conditions: (1)
thawed at RT, not centrifuged; (2) thawed at RT, centrifuged; (3) thawed on ice, not
centrifuged; (4) thawed on ice, centrifuged. Additionally, three freeze-thaw cycles
were tested.

For all four conditions, there were significant correlations between plasma p-
Tau217 and the CSF biomarkers (i.e., p-Tau217 and AP42/AB40) in the whole
cohort and between plasma p-Tau217 and CSF p-Tau217 in the AB+ group (Table
6). Surprisingly, only samples that were centrifuged exhibited significant
correlations between plasma p-Tau217 and CSF AB42/AB40 in AP+, and between
plasma p-Tau217 and CSF p-Tau217 in AB-. Plasma p-Tau217 separated with high
precision people who had abnormal levels of CSF p-Tau217 or CSF AB42/AB40
from those with normal levels of these biomarkers (Figure 9). Of note, its
discriminative accuracy was somewhat lower for samples thawed at RT and not

61



centrifuged, as reflected by the numerically lower AUC in comparison to other
conditions (Figure 9).

Table 6: Spearman’s correlations between plasma p-Tau217 and/or CSF AB42/40 / CSF p-Tau217
Data displayed as Spearman’s correlation coefficients (p-value, adjusted/unadjusted). Abbreviations: C,

centrifugation; Cond, condition; CSF, cerebrospinal fluid; NC, non-centrifugation; RT, room temperature
(212).

Plasma p-Tau217

CSF AB42/AB40

R (p-value adjusted/unadjusted)

CSF p-Tau217

R (p-value adjusted/unadjusted)

All (n =100)

Cond 1: thaw at RT, NC
Cond 2: thaw at RT, C
Cond 3: thaw on ice, NC
Cond 4: thaw on ice, C

-0.515 (<0.001 / <0.001)
-0.636 (<0.001 / <0.001)
-0.607 (<0.001 / <0.001)
-0.652 (<0.001 / <0.001)

0.614 (<0.001 / <0.001)
0.713 (<0.001 / <0.001)
0.666 (<0.001 / <0.001)
0.717 (<0.001 / <0.001)

AB+ (n=50)

Cond 1: thaw at RT, NC
Cond 2: thaw at RT, C
Cond 3: thaw on ice, NC
Cond 4: thaw on ice, C

-0.215 (0.172/0.133)
-0.394 (0.010 / 0.005)
-0.284 0.079 / 0.046)
-0.406 (0.007 / 0.003)

0.506 (<0.001 / <0.001)
0.579 (<0.001 / <0.001)
0.511 (<0.001 / <0.001)
0.550 (<0.001 / <0.001)

AB- (n=50)
Cond 1: thaw at RT, NC 0.230 (0.162/0.108) 0.190 (0.202 / 0.186)
Cond 2: thaw at RT, C 0.073 (0.615/0.615) 0.394 (0.007 / 0.005)
Cond 3: thaw on ice, NC 0.210 (0.172/0.143) 0.184 (0.202 / 0.202)
Cond 4: thaw on ice, C 0.105 (0.511 / 0.468) 0.334 (0.022 / 0.018)
a. 100— - b. 100
80 80
§ 60— L 60—
] =
§ 40 E 40— )
_|J " —— RT.NC;AUC=0845 —— RT,NC;AUC =0.866
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Figure 9. Discriminative accuracy of plasma p-Tau217

Identifying individuals with abnormal a) CSF AB42/AB40 status and b) CSF p-Tau217 status.
Abbreviations: C, centrifugation; Cond, condition; CSF, cerebrospinal fluid; NC, non-centrifugation; RT,
room temperature. Figure reprinted from (212).

Furthermore, we found that there was a significant interaction between A status
and sample handling conditions on plasma p-Tau217 levels, meaning that the
difference in p-Tau217 levels between sample handling conditions were not the
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same for AB+ and AB- individuals. Specifically, higher p-Tau217 concentrations
were found in non-centrifuged samples than in centrifuged samples. Finally, plasma
p-Tau217 levels did not differ significantly between samples subjected to one, two,
or three freeze-thaw cycles (Figure 10).
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Figure 10. Plasma p-Tau217 levels across different conditions

Cond1, Plasma samples underwent one freeze-thaw cycle without centrifugation, Cond 2, centrifuged
prior to analysis , Cond 3, underwent two freeze thaw cycles without centrifugation, Cond 4, centrifuged
before the analysis, Cond 5, underwent three freeze thaw cycles without centrifugation, Cond 6,
centrifuged prior to analysis. Abbreviations: C, centrifugation; FxT, freeze-thaw cycle; NC, non-
centrifugation. Figure reprinted from (212).

Based on the results of this paper, we proposed that plasma samples should be
thawed at RT and centrifuged before their analysis with the MSD p-Tau217 assay.

Paper 11

Plasma contains multiple p-Tau forms, and over the years a variety of analytical
approaches, including immunoassays and MS-based methods have been developed
to quantify these species. Despite these developments, comparing the relative
performance of different assays or different p-Tau forms has been challenging,
mainly due to heterogeneous assay platforms, cohorts, and sample-handling
protocols. Hence, in this study we compared, head-to-head, the performance of the
three main p-Tau variants (p-Taul81, p-Tau217 and p-Tau231) measured using
either MS-based methods or various immunoassays. The study comprised 135
individuals recruited at the memory clinic with a clinical diagnosis of MCI at
baseline, and with a follow-up duration of up to 4.9 years. CSF AP status and future
progression to ADD were our primary outcomes.
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First, we examined how well different plasma p-Tau species could discriminate
individuals with and without abnormal A status at baseline (Table 7). MS-based p-
Tau217%*"Y assay showed the strongest diagnostic accuracy, compared to other p-
Tau biomarkers. Among immunoassays, p-Tau217“" exhibited the highest AUC
but was not significantly higher than p-Tau217", p-Taul81*"* (both
immunoassays), or p-Taul81V*"W (MS). The remaining immunoassays
demonstrated comparatively inferior performance. The largest difference in plasma
biomarker levels between A+ MCI and A- MCI was seen for p-Tau217%V*Y
gradually decreasing for p-Tau217"", p-Tau217""Y and p-Taul81P* (Figure 11).

Table 7: Associations between plasma p-Tau variants and CSF AR42/AR40

Data obtained from the ROC curve analysis. CSF AB42/AB40 was used to classify MCI participants as
amyloid positive/A+ or amyloid negative/A-. Abbreviations: AUC, area under the curve; Cl, confidence
interval; NA, not applicable (213).

P-value versus p- P-value versus p-
- 0, 1

Plasma p-Tau AUC (95% CI) Tau217Washu Tau2174y

p-Tau217WashV 0.947 (0.907-0.987) NA 0.015

p-Tau2174y 0.886 (0.827-0.944) 0.015 NA

p-Tau2179anss 0.858 (0.795-0.920) 0.004 0.38

p-Tau181APx 0.841 (0.768-0.913) <0.001 0.24

p-Tau181WashV 0.835 (0.765-0.906) <0.001 0.20

p-Tau231YeoT 0.784 (0.703-0.864) <0.001 0.029

p-Tau1814ly 0.759 (0.676-0.841) <0.001 <0.001

p-Tau181Ye0T 0.743 (0.652-0.833) <0.001 0.005

p-Tau181Fui 0.694 (0.604-0.784) <0.001 <0.001

p-Tau181Splex* 0.642 (0.533-0.751) <0.001 <0.001

A p-tau217Weshu B p-tau217Hy C ptau2174anss D p-tau181A0x E p-tau1gqesty
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Figure 11. p-Tau biomarkers levels in A+ and A- MCI.

Results displayed as fold change from the A- MCI group average. Univariate general linear models were
used for calculating F-values and p-values (adjusted for age and sex). Each box represents interquartile
range, the horizontal lines are medians and the outliers and wishkers were illustrated using the Tukey
method. Figure reproduced from (213).
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Next, we tested the ability of the different p-Tau species to predict clinical
progression to ADD (Table 8). Here again p-Tau2l17"*"V showed the top
performance, with an AUC significantly greater than those of the other biomarkers,
followed by p-Tau217“", p-Tau217", p-Taul81P* (all immunoassays) and p-
Tau181%*"Y (MS) all of which demonstrated comparable performance.

Table 8: Plasma p-Tau biomarkers associations with future progression to ADD
Data obtained from the ROC curve analysis. Abbreviations: AUC, area under the curve; Cl, confidence
interval; NA, not applicable (213).

5 P-value versus p- P-value versus p-
Plasma p-Tau AUC (95% Cl) Tau217Washu Tau2174y
p-Tau217WashV 0.932 (0.891-0.974) NA 0.027
p-Tau2174y 0.889 (0.833-0.946) 0.027 NA
p-Tau2174anss 0.872 (0.814-0.931) 0.027 0.53
p-Tau181APx 0.846 (0.777-0.916) 0.007 0.16
p-Tau181WashV 0.835 (0.764-0.906) 0.001 0.09
p-Tau1814ly 0.813 (0.734-0.892) 0.002 0.013
p-Tau231Ye0T 0.777 (0.699-0.856) <0.001 0.009
p-Tau181Ye0T 0.775 (0.692-0.858) <0.001 0.014
p-Tau181Fui 0.735 (0.649-0.821) <0.001 0.002
p-Tau1815rlex 0.688 (0.579-0.796) <0.001 <0.001

Significant elevations in the three p-Tau217 biomarkers (p-Tau217"", p-
Tau217V*"Y, p-Tau217'*") and the best performing p-Taul81 biomarker (p-
Taul81%V*"Y and p-Taul81P*) levels were observed in both A+ non-progressors
and MCI-ADD in comparison to A- non-progressors (Figure 12). Levels of the three
p-Tau217 biomarkers were also higher in MCI-ADD than in A+ non-progressors,
whereas neither p-Taul81 nor p-Tau231 levels differ significantly between these
groups.

The largest fold increase in both A+ non progressors and MCI-ADD groups in
comparison to A- non-progressors was found for p-Tau217V*"Y, Amongst the
immunoassays, p-Tau217"", p-Taul814P* and p-Tau217'*™* demonstrated greater
fold increases in MCI-ADD in comparison to A+ non progressors.
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Figure 12. p-Tau biomarkers levels in individuals who advanced to ADD during follow-up as well
as in A+ and A- non progressors.

Data displayed as fold change from the A- MCI group average. Univariate general linear-models were
used for calculating F-values and p-values (adjusted for age, sex, and follow up time). Each box
represents interquartile range, the horizontal lines are medians and the outliers and wishkers were
illustrated using the Tukey method. Figure reproduced from (213).

Finally, p-Tau217%*"  followed by p-Tau217""" showed the top correlations
between CSF and plasma values (Figure 13).
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Figure 13. Spearman-based associations between CSF and plasma p-Tau biomarkers. Figure
reproduced from (213).
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Evidence from our study points to the superiority of MS-based assay and sufficiently
high precision of several immunoassays to identify AP positivity and predict
conversion from MCI to ADD.

Paper III

ALZpath developed a commercial immunoassay for measuring plasma p-Tau217,
available worldwide for research use. Several reports demonstrated its high clinical
diagnostic accuracy for Alzheimer’s disease. In this study, we, for the first time,
assessed ALZpath p-Tau2l7 performance against the gold standard
neuropathological outcomes in comparison to plasma Lilly p-Tau217 and Lilly p-
Taul81. We included 72 participants from the Banner neuropathology cohort. The
clinical diagnosis of participants ranged from CU to MCI, Alzheimer’s disease and
non-Alzheimer’s disease dementia.

First, we found significant associations between the three plasma biomarkers (p-
Tau217arzpath, p-Tau2l7riy and p-Taul81iuy) and AP plaque density scores and
neurofibrillary density scores (Table 9, Figure 14). Still, in both analyses,
correlations with the outcome measures were significantly higher for p-Tau217.iy
compared to p-Tau217arzpan. When adjusting for neurofibrillary density scores, the
significant correlations between the plasma biomarkers and AP density scores still
held true. However, only p-Tau217.1y was associated with neurofibrillary density
scores when adjusting for all the covariates and AP plaque density scores (Table 5).

Table 9: Associations between different plasma biomarkers and neuropatholgical outcomes
Results obtained from partial Spearman’s correlation (p). Bold values indicate significant associations.
Significant differences between the correlation coefficients were assessed using bootstrapping (40).

Models adjusted for covariates Models adjusted for covariates and
(age, sex and time blood-death) neurofibrillary density scores
Plaques p p-value p-value p p-value p-value
p-Tau217 aLzpath 0.58 <0.001 Reference 0.53 <0.001 Reference
p-Tau181.uy, 0.65 <0.001 0.328 0.59 <0.001 0.491
p-Tau217.yy, 0.78 <0.001 0.012 0.73 <0.001 0.015
Models adjusted for covariates Models adjusted for covariates and
(age, sex and time blood-death) amyloid plaque density scores
Neurofibrillary
changes p p-value p-value p p-value p-value
p-Tau217 aLzpatn 0.26 0.031 Reference | 0.03 0.82 Reference
p-Tau181.yy, 0.37 0.002 0.225 0.15 0.33 0.29
p-Tau217y 0.51 <0.001 0.004 0.32 0.022 0.003
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Figure 14. Associations of p-Tau biomarkers with Ap plaque and neurofibrillary density scores.
Data shown as partial Spearman correlation coefficients (p) and p-values. Figure reproduced from (40).
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Next, all the plasma biomarkers accurately predicted ADNC classification, with p-
Tau217.iy again demonstrating significantly higher AUC compared to p-
Tau217arzpan. Furthermore, the results were very similar when performing similar
set of analysis for Braak staging and CERAD classification; that is p-Tau217viiy
demonstrated superior performance compared to p-Tau217arzpath.

Table 10: Predicting classification based on neuropatholgical scales.

Data obtained from ROC curve analysis for predicting (a) ADNC, (b) Braak and (c) CERAD classification.
Significant differences between the AUCs of two ROC curves were assessed using The DelLong test.
Abbreviations: ADNC, Alzheimer’s disease neuropathologic change; Cl, confidence interval; CERAD,
The Consortium to Establish a Registry for Alzheimer’s Disease (40).

AUC | 95% Cl. | p-value comp.
ADNC
p-Tau217azpatn 0.75 (0.63,0.87) Reference
p-Tau181.y 0.76 (0.65,0.88) 0.72
p-Tau217.yy, 0.87 (0.78,0.96) 0.021
BRAAK
p-Tau217a zpatn 0.74 (0.61,0.87) Reference
p-Tau181.y 0.75 (0.61,0.88) 0.88
p-Tau217 .y 0.82 (0.70,0.94) 0.021
CERAD
p-Tau217aLzpatn 0.78 (0.66,0.89) Reference
p-Tau181.y 0.79 (0.68,0.90) 0.85
p-Tau217y 0.89 (0.80,0.97) 0.024

In summary, the performance of p-Tau217 a1 zpam and p-Taul81piy was comparable;
however, p-Tau217.iy demonstrated significantly higher associations with core
measures of Alzheimer’s disease pathology in comparison to p-Tau217arzpath.

Paper IV

It is at present largely unknown whether CSF and plasma Alzheimer’s disease
biomarkers can be used to track disease progression. In this study, we analyzed
several plasma (p-Tau217, p-Taul81, p-Tau212, AB42, AP40, NTA-tau, GFAP,
NfL) and CSF (p-Tau2l7, p-Taul81, p-Tau205, AP42, AB40, t-Tau, NfL and
GFAP) biomarkers in a cohort of 850 participants from the Swedish BioFINDER-1
study who were followed for up to 8 years. We assessed the associations between
longitudinal changes in various CSF and plasma biomarkers, both with and without
normalization to AB40, AB42 or t-Tau and longitudinal cognitive decline (measured
using MMSE and mPACC) and brain atrophy (measured using cortical thickness).
The associations were tested in the whole cohort as well as in Ap+ participants only.
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First, we examined the associations between changes in longitudinal CSF biomarker
levels with changes in longitudinal cognition and atrophy. In the whole cohort, we
found significantly stronger associations with longitudinal cognitive decline and
brain atrophy for CSF p-Tau205/Ap40, p-Tau217/AB40 and p-Taul81/Ap40
compared with p-Tau205, p-Tau217 and p-Taul81, respectively, and with their
ratios to CSF AP42 and t-Tau (Figure 15). In AP+ participants, slopes of p-
Tau205/AB40, p-Tau217/AB40 and p-Taul81/AP40 demonstrated significant
associations with longitudinal cognition and atrophy.

Next, we identified the most parsimonious CSF biomarker model demonstrating the
best associations of cognitive decline and atrophy. Such a model for longitudinal
MMSE and mPACC in the whole cohort as well as for longitudinal brain atrophy in
both the whole cohort and the AP+ group included p-Tau205/AB40 slopes and NfL
slopes, (Table 11). A model comprising only p-Tau205/AB40 best predicted
longitudinal cognitive decline in AP+ participants.

We then performed similar sets of analyses for plasma biomarkers. Here, contrary
to CSF, none of the plasma biomarker ratios demonstrated significantly stronger
associations with the three longitudinal outcomes (MMSE, mPACC and cortical
thickness), in comparison to longitudinal plasma measures of p-Tau217, p-Taul$§1,
p-Tau212, NfL and GFAP (Figure 16). All non-normalized biomarker slopes
demonstrated significant associations with accelerated cognitive decline and
atrophy in the whole cohort. In the AP+, slopes of p-Tau217, p-Tau212, NfL and
GFAP exhibited significant associations with longitudinal cognitive decline and
atrophy. p-Taul81 slope was found to be significantly associated with cognition but
not with brain atrophy.

In plasma, a model including p-Tau217 slope demonstrated the best associations
with MMSE and mPACC changes in the whole cohort and AP+ participants, and
with brain atrophy in the AP+ group (Table 12). However, in the whole cohort, the
most parsimonious model for longitudinal brain atrophy combined slopes of plasma
p-Tau217 and NfL.

Finally, we found associations of plasma p-Tau217 with all three longitudinal
outcomes were not significantly different from those of CSF p-Tau205/Ap40 and p-
Tau217/AB40.

In conclusion, normalization to AB40 enhances the strength of associations between
longitudinal CSF biomarkers, but not plasma biomarkers, and longitudinal cognitive
decline and atrophy. The most parsimonious CSF and plasma models for
associations with longitudinal cognition and brain atrophy included slopes of CSF
p-Tau205/AB40 and plasma p-Tau217, respectively, either alone or in combination
with NfL slopes.
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Table 11: Most parsimonious CSF models for associations with longitudinal cognition and brain
atrophy.

The most parsimonious models were derived using the dedrge function from the MuMIn package in R
software. Abbreviations: mPACC, modified Preclinical Alzheimer’s Cognitive Composite; MMSE, Mini-
Mental State Examination.

Outcome CSF Biomarkers ‘ AlC ‘ R? | B Estimate (CI) P-value
Whole Cohort
Slope CSF p-Tau205/AB40*time -0.351(-0.395,-0.308) | <0.001
MMSE change + 2971 | 0.40
Slope CSF NFL*time -0.081 (-0.127, -0.035) 0.001
Slope CSF p-Tau205/AB40*time -0.224 (-0.259, -0.189) <0.001
mPACC change + 2436 | 0.40
Slope CSF NFL*time -0.072 (-0.108, -0.036) <0.001
Cortical Thickness Slope CSF p-Tau205/AB40*time -0.139 (-0.16, -0.118) <0.001
h + 1761 0.32
change Slope CSF NFL*time -0.100 (-0.122, -0.078) <0.001
A+
MMSE change Slope CSF p-Tau205/AB40*time 1115 | 0.38 -0.341 (-0.407, -0.275) <0.001
mPACC change Slope CSF p-Tau205/AB40*time 976 0.31 -0.206 (-0.265, -0.148) <0.001
Cortical Thickness | >°P¢ CSF p'TaJrU205/AB40 time co0 | 031 -0.117 (:0.154,-0.081) | <0.001
change Slope CSF NFL*time -0.088 (-0.125,-0.05) | <0.001

Table 12: Most parsimonious plasma models for associations with longitudinal cognition and
brain atrophy.

The most parsimonious models were derived using the dedrge function from the MuMIn package in R
software. Abbreviations: mPACC, madified Preclinical Alzheimer’s Cognitive Composite; MMSE, Mini-
Mental State Examination.

Outcome Plasma Biomarkers ‘ AlC ‘ R? | B Estimate (Cl) P-value
Whole Cohort
MMSE change Slope Plasma p-Tau217*time 2779 0.29 | -0.283(-0.326, -0.241) <0.001
mPACC change Slope Plasma p-Tau217*time 2248 0.27 -0.196 (-0.229, -0.163) <0.001
Corteal ;’nhgilzkness Slope Plasma p-Tau217time 1735 | opa | T0120(0144,-0.006) | <0.001
Slope Plasma NFL*time -0.045 (-0.07, -0.019) 0.001
AB+
MMSE change Slope Plasma p-Tau217*time 869 0.33 -0.274 (-0.348, -0.201) <0.001
mPACC change Slope Plasma p-Tau217*time 718 0.34 -0.222 (-0.278, -0.166) <0.001
C°”i°§'];nh§;‘;k”ess Slope Plasma p-Tau217*time 594 | 027 | -0.147(-0.183,-0.112) | <0.001
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Discussion and future perspectives

The work presented in this thesis focused on supporting the implementation of
plasma p-Tau as a biomarker of Alzheimer’s disease in clinical practice and clinical
trials. In this regard, in paper I, we investigated the effects of certain pre-analytical
sample handling factors on the concentrations and performance of plasma p-
Tau217. In paper II we compared the performance of p-Tau species (p-Tau217, p-
Taul81 and p-Tau231) quantified using different analytical approaches such as MS-
based methods (the gold standard for protein identification) and immunoassays to
evaluate their ability to detect AP positivity and predict progression to ADD. In
paper III, the performance of a commercially available immunoassay
manufactured by ALZpath Inc for measuring p-Tau217 in blood was assessed in
comparison with Lilly immunoassays (Lilly p-Tau217 and Lilly p-Taul81) in a
neuropathological study population. Finally, in paper IV, we identified the best
candidate CSF and plasma biomarkers that could be utilized for monitoring
Alzheimer’s disease progression and further examined whether normalizing
longitudinal CSF/plasma biomarkers to reference proteins strengthened their
associations with changes in longitudinal clinical outcomes (such as cognition and
brain atrophy).

A significant amount of variability in the levels of Alzheimer’s disease biomarkers
observed across laboratories is due to differences in pre-analytical sample handling
procedures (200). Therefore, it is of utmost importance to establish unified protocols
that would allow the standardization of biomarker measurements. To this end, in
paper I, we examined the impact of certain pre-analytical factors on the
concentration and performance of plasma p-Tau217. Interestingly we found that
even though p-Tau217 concentration was higher in non-centrifuged compared with
centrifuged samples, centrifugation improved correlations of plasma p-Tau217
(measured using the Lilly immunoassay) with CSF p-Tau217 and AP42/Ap40.
Although the underlying mechanism remains unclear, it is likely that centrifugation
reduces the non-specific signal in the assay. We did not observe any significant
effects of thawing samples at RT or on ice nor of up to three freeze-thaw cycles on
the performance of plasma p-Tau217. Our results regarding freeze-thaw cycles are
consistent with prior research (202). Based on these data, we recommended
centrifugation of plasma samples to achieve optimal performance of the Lilly p-
Tau217 assay. Additionally, although we did not find any significant differences
between thawing samples at RT or on ice, we still recommended thawing plasma
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samples at RT since it is quicker and more feasible in clinical chemistry laboratories.
The protocol we proposed was specific for p-Tau217 measured on the Mesoscale
platform. Future studies are needed to comprehensively address the effects of pre-
analytical sample handling factors on all the p-Tau assays (measured using different
analytical methods) that would be potentially implemented for the diagnostic work-
up of Alzheimer’s disease (205, 214). Because different p-Tau assays are based on
different antibodies, analytical platforms and detection systems, they may differ in
their susceptibility to pre-analytical sample handling.

While most previous studies have evaluated the effects of various pre-analytical
factors on plasma p-Tau217 concentration (202-205, 207), in our study, for the first
time, we assessed the performance of plasma p-Tau217, which is highly relevant for
its application in clinical practice and drug trials. Thus, our study provided a
template for future investigations determining the influence of pre-analytical sample
handling factors across different Alzheimer’s disease plasma biomarkers.

Following early work demonstrating the high diagnostic accuracy of plasma p-
Taul81 and p-Tau217, numerous assays were developed to measure different p-Tau
variants (p-Tau217, p-Taul81, p-Tau231) (97, 137, 140, 145, 215-217). However,
studies have reported inconsistent findings about the performance of different p-Tau
species which could be due to differences in assay performance as well as pre-
analytical factors and cohort characteristics. Therefore, in paper II we measured p-
Tau217, p-Taul81 and p-Tau231 using 10 different assays in the same samples from
patients with MCI which allowed direct head-to-head comparison of the p-tau
biomarkers. The results of this study indicated that p-Tau217 measured using a MS-
based assay performed exceptionally well in predicting AP pathology and
progression to ADD, outperforming the top immunoassays, p-Tau217"", p-
Tau217"™, p-Tau217*P*, which all showed high accuracy. A likely explanation is
that MS-based methods offer very high analytical accuracy and can reliably measure
low-abundance proteins in complex, protein-dense matrices (218). We also showed
that when both p-Tau217 and p-Taul81 were quantified using the same MS-based
methods, p-Tau217 outperformed p-Taul81, likely because, p-Tau217 is a more
dynamic biomarker with much lower levels in non-Alzheimer’s individuals. Taken
together these findings highlighted substantial variability in performance across
different p-Tau variants and assays, even when measured in the same samples,
suggesting that while some assays are suitable for implementation, others require
further optimization.

Since our study, additional head-to-head comparisons have confirmed that p-
Tau217 measured using MS-based methods outperforms immunoassays not only in
predicting A pathology and advancement to ADD (supporting our results) but also
in detecting tau pathology (219-221). These findings were important for the
regulatory approval of p-Tau217 (in ratio with AP42) for Alzheimer’s disease
diagnosis.
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Because p-Tau variants begin to change in response to AP pathology, abnormal
plasma (or CSF) p-Tau levels do not necessarily reflect tau pathology. Therefore,
future studies should aim at developing biomarkers whose levels alter specifically
in response to abnormal tau aggregation in the brain. Such biomarkers are needed
for effective diagnostic workflow, as they would be more closely linked to clinical
symptoms onset. Recently, one such candidate was identified. Studies have shown
that a specific MTBR-tau species, MTBR-tau243, is more strongly associated with
tau pathology than other tau variants (114, 164).

Plasma p-Tau217 is already being used in clinical trials for participant screening
and since 2022 the Alzheimer’s Association recommended cautious use of BBMs
in memory clinics (222). With the escalating interest in p-Tau217, multiple assays
have been developed. For example, ALZpath Inc has developed a commercially
available immunoassay for measuring p-Tau217 in plasma. Several studies have
demonstrated its high diagnostic accuracy in clinical cohorts. However, for
assessing the usefulness of novel tests, validation against neuropathological
outcomes, which is considered the gold standard, is crucial. In paper III, we
evaluated the performance of this assay in a neuropathological cohort and found that
p-Tau217aLzpan and p-Taul81ryy demonstrated similar associations with core
measures of Alzheimer’s disease pathology. However, these associations were
significantly weaker for p-Tau217arzpan compared with p-Tau217.;y. Consistent
with our findings, p-Tau217.iy also demonstrated stronger associations with tau-
PET than p-Tau217arzpan in the Swedish BioFINDER-2 cohort, even though both
biomarkers showed similar associations with AB-PET (219). Still, other studies
have reported comparable performance of p-Tau2l7arzpan to p-Tau2l7iiy, p-
Tau2 17 umiputse and p-Tau217+ janssen, When determining AB- and tau-PET positivity
as well as distinguishing Alzheimer’s disease from other neurodegenerative
disorders (219, 223, 224). The discrepancies between our results and previously
published findings could be due to the high mean age of the participants in our study.
Of note, the size of our cohort was relatively small, and thus future work is needed
to validate our results in larger independent neuropathology cohorts.

BBMs and CSF biomarkers have shown great promise for diagnosis and
prognostication of Alzheimer’s disease. However, their ability to monitor disease
progression remains insufficiently explored. Thus, in paper IV, we conducted a
simultaneous analysis of longitudinal CSF (p-Tau217, p-Taul81, p-Tau205,
AP42/AB40, total-tau, GFAP, NfL) and plasma (p-Tau217, p-Taul81, p-Tau212,
AB42/AB40, NTA-Tau, GFAP, NfL) biomarkers to identify the best biomarkers or
their combinations for tracking longitudinal changes in cognition and brain atrophy.
Furthermore, given emerging evidence that normalization to reference proteins
improves biomarker performance (225), we also examined CSF and plasma
biomarkers normalized to reference proteins such as AB40, AP42 and t-Tau. We
found that normalizing CSF biomarkers (particularly CSF p-Tau205, p-Tau217, p-
Taul81) to AB40 strengthened their association with longitudinal cognitive decline
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and brain atrophy, whereas the correspondent plasma biomarkers showed no such
improvement. These results indicate that normalizing CSF biomarkers to AB40
helps mitigate not only inter-individual (as shown in previous studies) but also intra-
individual variability (which arises due to changes in CSF production and
clearance). In contrast, plasma AB40 levels are influenced by peripheral production,
making it a less robust reference protein. Further plasma proteomics research is
needed to identify an effective reference protein for plasma biomarkers. Once the
optimal reference proteins and ratios are established for both plasma and CSF
biomarkers, their performance for monitoring disease progression should be further
assessed.

Among all tested biomarkers, longitudinal plasma p-Tau217 and CSF p-
Tau205/AB40 in combination with NfLL showed the strongest association with our
outcome measures of disease progression. Interestingly, the associations with
longitudinal changes in cognition and brain atrophy were comparable for plasma p-
Tau217, CSF Tau205/AB40 and CSF p-Tau217/AB40 ratio suggesting that plasma
p-Tau217 is logistically a more suitable marker to track disease progression.
However, future longitudinal studies should be conducted to evaluate the potential
of more specific markers of tau pathology, e.g. MTBR-tau243, as well as FDA
cleared Lumipulse plasma p-Tau217.
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Concluding remarks

The main findings of this thesis are:

= The optimal pre-analytical sample handling conditions for plasma p-
Tau217 quantified on an MSD platform involve thawing plasma samples at
RT followed by centrifugation, prior to analytical assessment

= MS-based methods performed exceptionally well and better than
immunoassays when identifying individuals with abnormal AP status as
well as those who progressed to ADD. Some immunoassays exhibited high
and consistent accuracy across both outcomes.

= The performance of a commercially available immunoassay ALZpath p-
Tau217 against the gold standard neuropathological assessments is similar
to Lilly p-Taul81. However, the associations between core measures of AD
pathology and ALZpath p-Tau217 were significantly lower compared to
Lilly p-Tau217.

= Normalization of longitudinal CSF biomarkers to AB40 strengthened their
associations with longitudinal clinical outcomes (cognitive decline and
brain atrophy). However, no effect on normalization was seen for
longitudinal plasma biomarkers. Changes in CSF p-Tau205/Ap40 and
plasma p-Tau2l7 potentially in combination with NfL, may serve as a
surrogate marker for monitoring some elements of disease progression
during clinical practice and treatment trials.
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