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Abstract

Alzheimer's disease (AD) is pathologically characterized by the progressive brain accumulation
of amyloid-f and tau proteins and neuronal degeneration. Yet, the complex interplay between
these pathological processes and dementia is poorly understood. In fact, the development of in
vivo biomarkers has significantly advanced our understanding of AD progression. The most
accepted biomarker model of disease progression supports brain amyloid-f as the key trigger of
sequential downstream events leading to tau hyperphosphorylation and neuronal degeneration,
which in turn leads to dementia. However, the presence of amyloid-f3 deposition in the brain of
numerous cognitively stable individuals and the lack of strong association between amyloid-3
and neurodegeneration or cognitive decline in AD patients have been used to question the key
role of amyloid-f in the pathogenesis of AD. Since all of the above pathologies are highly linked
to AD but are not independently sufficient to determine dementia, it is reasonable to assume that
synergistic interactions between these pathological pathways determine the vulnerability to
dementia. Recently, it has been proposed that the progressive accumulation of multiple brain
pathologies imposes neuroepigenetic modifications through class I histone deacetylases (HDACs
I) abnormalities determining brain tissue vulnerability. Thus, it is possible that the biological
mechanism by which brain pathologies interact to drive AD relies on dysregulations of the
brain's epigenetic landscape. This thesis, composed of two main parts, describes six studies using
positron emission tomography and cerebrospinal fluid biomarkers. In part one, we tested the
hypothesis that, phenomenologically, synergistic interactions between pathologies better explain
AD progression than the traditional sequential disease model. Part two tested the hypothesis that,
mechanistically, epigenetic abnormalities imposed on brain tissues by the coexistence of

pathologies are the biological links between pathological interactions and the progression of the
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disease. Firstly, we showed that the synergistic interactions between, rather than independent or
sequential effects of, amyloid-p, tau, and neurodegeneration determine AD progression. Also, we
identified the existence of biomarker thresholds associated with the triggering of these
interactions and their usefulness in selecting individuals that are more likely to progress, for the
enrichment of clinical trial populations. Secondly, we showed that epigenetic dysregulations link
brain pathologies and AD symptoms. Specifically, we found that HDACs I reduction
underscores the biological mechanism by which amyloid-f and tau interact to drive
neurodegeneration and cognitive symptoms in AD. Together, these findings have broadened our
understanding of the associations between pathological pathways in AD and how these pathways

interact to determine dementia.

Résumé

La maladie d’Alzheimer (MA) est pathologiquement caractérisée par 1’accumulation progressive
de B-amyloide et de protéines tau ainsi que par la dégénérescence neuronale. Cependant, le lien
complexe entre ces processus pathologiques et la démence est peu compris. En fait, le
développement de marqueurs biologiques in vivo a considérablement aidé a la compréhension de
la progression de la MA. Le modele de marqueur biologique de la progression de la maladie le
plus accepté soutient que B-amyloide est I’élément déclencheur d’une suite d’événements menant
a DI’hyperphosphorylation de tau et a la dégénérescence neuronale, provoquant ensuite la
démence. Néanmoins, la présence de dépdt de P-amyloide dans le cerveau de nombreux
individus cognitivement stables et le manque d’élaboration d’un lien réel entre B-amyloide et la
dégénérescence neuronale, ou le déclin cognitif chez les patients atteints de la MA, a été souligné

afin de remettre en cause le role-clé de p-amyloide dans la pathogenése de la MA. Etant donné
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que toutes les pathologies précédemment mentionnées sont fortement liées a la MA mais ne
suffisent pas a causer une démence, il est raisonnable de supposer que les interactions
synergiques entre ces voies pathologiques provoquent une vulnérabilité face a la démence.
Récemment, il a été supposé que I’accumulation progressive de multiples pathologies cérébrales
provoque des modifications neuroépigénétiques a travers des anormalités de 1 histone
désacétylase de catégorie I (HDAC I) qui déterminent la vulnérabilité du tissu cérébral. Par
conséquent, il est possible que le mécanisme biologique par lequel les pathologies cérébrales
interagissent avant de mener a la MA repose sur des déréglements de 1’épigénétique cérébral.
Cette thése, composée de deux grandes parties, décrit six études qui utilisent la tomographie a
émission de positons et les biomarqueurs du liquide encéphalo-rachidien. Dans la premiére
partie, nous avons testé I’hypothése que, phénoménologiquement, les interactions synergiques
expliquent mieux la progression de la MA que le modele séquentiel traditionnel de la maladie.
La seconde partie teste I’hypothése que, mécaniquement, les anormalités épigénétiques imposées
au tissu cérébral par la coexistence de pathologies sont le lien biologique entre les interactions
pathologiques et la progression de la maladie. Premi¢rement, nous avons montré que, plutot que
des effets indépendants ou séquentiels, I’interaction synergique entre PB-amyloide, tau et la
dégénérescence neuronale déterminent la progression de la MA. De plus, nous avons identifié
I’existence de seuils de biomarqueurs associ¢s au déclenchement de ces interactions ainsi que
leur utilit¢ dans la sélection d’individus, plus susceptibles de progresser, aidant ainsi a
I’enrichissement des populations des essais cliniques. Deuxiémement, nous avons montré que les
déréglements epigénétiques associent les pathologies cérébrales et les symptomes de la MA. Plus
précisément, nous avons trouvé que la réduction d’HDAC:s I souligne le mécanisme biologique

par lequel B-amyloide et tau interagissent afin de conduire a la dégénérescence neuronale et aux
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symptomes cognitifs dans la MA. Ensemble, ces découvertes ont ¢largi notre compréhension des
associations entre les voies pathologiques dans la MA, et comment ces mémes voies

pathologiques interagissent pour causer la démence.
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Contribution to original knowledge

The original scientific contributions in this thesis include:

Chapter 2. We showed that a synergistic interaction between amyloid- and tau determines
hypometabolism in preclinical AD. This was the first study showing interactions between AD-
related biomarkers using exclusively continuous measurements without assuming thresholds for

abnormality or artificial dichotomization techniques.

Chapter 3. We proposed the concept of thresholds responsible for triggering the synergy

between amyloid-f and tau. We suggested the use of these thresholds as a tangible framework to
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identify individuals with the highest likelihood of disease progression. Also, this was the first
study performing a voxel-wise sample size calculation, which consists of a new alternative to

increase the statistical power of clinical trial designs.

Chapter 4. Complementing the findings from Chapters 2 and 3, we demonstrated for the first
time that the synergistic interaction between amyloid-f and tau is also a determinant of the
clinical progression from MCI to AD dementia. This was the first study conducting voxel-wise

logistic regression using PET.

Chapter 5. We showed that a synergy between amyloid-f and neurodegeneration is associated
with the clinical progression to dementia. Moreover, we suggested for the first time that
amyloid-f leads to hypometabolism in distant regions that are functionally connected, rather than

in the same brain region.

Chapter 6. We conducted the first human evaluation of the novel tau PET tracer ['*FIMK-6240
using full kinetic modeling and long scan acquisition duration. The methodological approaches

validated in this work are currently being used by other research groups worldwide.

Chapter 7. We performed the first study measuring brain epigenetics in living patients. We
proposed that HDACs I reduction links the interactive effect of amyloid-f and tau with AD

progression. We suggested HDACs I reduction as a novel therapeutic target for AD.

14

www.manaraa.com



List of abbreviations

ACC
AD
ADAS-Cog
ADNI
AIC
ANCOVA
APOE
APP

AP

BIC

BP
CDR
CERAD
CF1

CI

CN

CSF

Cv
DMN
DNA
DSM

DVR

Anterior cingulate cortex

Alzheimer’s disease

Alzheimer’s disease Assessment Scale-Cognitive Subscale
Alzheimer's Disease Neuroimaging Initiative

Akaike information criterion

Analysis of covariance

Apolipoprotein E

Amyloid Precursor Protein

Amyloid-f

Bayesian information criterion

Binding potential

Clinical dementia rating

Consortium to Establish a Registry for Alzheimer Disease
Comparative fit index

Confidence interval

Cognitively normal

Cerebrospinal fluid

Coefficient of variation

Default mode network

Deoxyribonucleic acid

Diagnostic and Statistical Manual of Mental Disorders

Distribution volume ratio

15

www.manaraa.com



['"*FIFDG ['*F]Fluorodeoxyglucose

FDR False discovery rate

FWER Family-wise error rate

HDAC Histone deacetylase

HRRT Siemens High Resolution Research Tomograph

ICC Intraclass correlation coefficient

IWG International Working Group

LM The Logical Memory subtest of the Wechsler Memory Scale
MAPT Microtubule-associated protein tau

MCI Mild cognitive impairment

MCSA McGill University Research Centre for Studies in Aging
MGH Massachusetts General Hospital

MINC Medical Image NetCDF software

MMSE Mini-mental state examination

MNI Montreal Neurological Institute

MO Monoamine oxidase

MRI Magnetic resonance imaging

MTL Medial temporal lobe

MWM Morris Water Maze

ND Non-displaceable

NIA-AA National Institute on Aging and the Alzheimer’s Association
NIH National Institutes of Health

NINCDS-ADRDA National Institute of Neurological and Communicative Disorders and

16

www.manaraa.com



Stroke and the Alzheimer’s Disease and Related Disorders

Association
NPS Neuropsychological test scores
OSEM Ordered-Subsets Expectation Maximization
PC Probability of correctness
PCC Posterior cingulate cortex
PET Positron emission tomography
["'C]PIB [''C]Pittsburgh compound B
P-tau Phosphorylated tau
RMSEA Root mean square error of approximation
RNA Ribonucleic acid
ROC Receiver operating characteristic curve
ROI Region-of-interest
SD Standard deviation
SE Standard error of the mean
SEM Structured equation model
SNAP Suspected Non-AD Pathophysiology
SRMR Standardized root mean square residual
SRTM Simplified reference tissue model
SUVR Standardized uptake value ratio
T-CM Tissue compartment model
T™MT Trail Making Test
Vr Volume of distribution

17

www.manaraa.com



List of Tables

Table 2-1. Demographics and key sample characteriStics. .........ceoeriererrierieneenienieneeieneenieenen 58
Table 3-1. Demographics and key characteristics of the population across biomaker groups..... 85
Table 4-1. Demographics and key characteristics of the amnestic MCI population. ................. 114

Table 4-2. Predictive biomarker effects on neuropsychological functions in amnestic MCI

participants according biomarker SIrOUPS. ........ccuvervieriierieeiieeieeriteeteetee e et e sreeaeesaeesaeesaaaens 114
Table 5-1. Demographics and key characteristics of the population. ...........cccceevvevciieneeniennen. 146
Table 6-1. Demographics and key characteristics of the in vivo population. ...........ccccceceeeenen. 194
Table 6-2. Kinetic parameters obtained with the 2T-CM4K. ..........ccceeviiniiiiniiniiiiiieeeeee 194
Table 7-1. Demographics of the human subjects in each study Site. .........ccccevveeveeieniininnennns 223
List of Figures

Figure 1-1. Pathological evolution of amyloid- § and tau in Alzheimer's disease. .................... 28

Figure 1-2. Representative individual showing abnormalities in biomarkers of amyloid- 3, tau,
ANA NEUTOAEZENETALION. .....eeiiieiieiiiietieeteeieeeteetee st eteesteeteessbeesseessbeesseessseeseesnseanseesssesseessseans 36
Figure 1-3. Hypothetical model of Alzheimer's disease dynamic biomarkers. .........c.cccceeuennne. 40
Figure 1-4. Hypothetical models linking amyloid- 3 , tau, and neurodegeneration with cognitive
AECIINE. ...ttt a e s sttt a e a e nae 40

Figure 1-5. Hypothetical model showing an interplay between amyloid- 3 and tau in the

progression of AlZheimer's diSEASE. .......ccuieiuieriieiiieiieeieeee ettt ettt et eeeaeeneees 41
Figure 1-6. Schematic representation of the synergistic iInteraction...........ceceveevereereenueneeneenn 42
18

www.manaraa.com



Figure 2-1. Summary of image analysis methods. .........c..coceviiriiiiniiniiiee e 59
Figure 2-2. Synergistic effect between ['*F]florbetapir SUVR and CSF p-tau drives [ *F]JFDG
uptake decline in IIMDIC TEZIONS. .....vieiiiriiieiieiie ettt ettt steeeeee st eenseeneeas 60

Figure 3-1. A 3 and tau thresholds associated with imminent metabolic decline are higher than

their standard thresholds for biomarker abnormality............ccccoeoiiiriiiiiiiniiieniiie e, 86
Figure 3-2. Preclinical AD groups defined with progressively higher A 8 and tau thresholds,
with both biomarker levels greater than the ones of imminent metabolic decline, had
progressively higher rates of ['*F]JFDG hypometaboliSm................cccoouvveeveireerreresrseeseseesnesenns 87
Figure 3-3. Preclinical AD individuals segregated using the optimized A 3 and tau thresholds
drove the rate of 2-year AD-related metabolic decline in the cognitively normal population. .... 88
Figure 3-4. Voxel-wise power analysis confirmed that preclinical AD defined with the thresholds
predictive of imminent metabolic decline offers a robust framework with a high statistical power

for the population enrichment of clinical trials using regional A['*F]FDG as a surrogate variable.

Figure 4-1. Schematic representation of the image analysis methods. ..........ccccoeeeviniinincnnns 115
Figure 4-2. The amnestic MCI A 8 +/p-tau+ individuals present the lowest baseline scores and

the highest rate of decline in most neuropsychological functions. ............cceceeveerciienieniieenneenne. 116
Figure 4-3. A 3 +/p-taut individuals drove the rate of progression to dementia over 2 years in the

amNEStic MCT POPUIATION. .....oviriiiiiiiiiiee ettt s 117

Figure 4-4. Synergistic effect between ['°F]florbetapir SUVR and CSF p-tau in temporal and

inferior parietal cortices predicts progression to dementia. .........cceecvereereerierieneerienieneenenens 118
Figure 5-1. Global rather than local A 3 is associated with DMN hypometabolism................. 147
19

www.manaraa.com



Figure 5-2. A 3 is associated with hypometabolism in distant but functionally connected brain

TE@IOTIS. 1.utteueteenteeeuteenteeeuteeteeeuteesseessseenseeesseasseassseenseeesseanseassseenseeensaenseansseenseeenseanseasnseenseennsaenseanns 148

Figure 5-3. Voxel-wise analysis showed that A 3 in DMN is predominantly associated with
distant within-network hypometabolism in CN A 3 positive individuals.........c..ccccevvverienennens 149
Figure 5-4. Voxel-wise analysis showed that A 3 in DMN is predominantly associated with
distant within-network hypometabolism in MCI A § positive individuals..........cccccecerernennnene 150
Figure 5-5. Voxel-wise analysis showed that A 3 is associated with distant within-network
hypometabolism in tranSZENIiC A B TaLS......ccueruiiiierieriieierieenie ettt ettt 151
Figure 5-6. The synergy of A 8 with overlapping hypometabolism drives cognitive decline... 152

Figure 5-7. Structured equation modeling showed that the distant and local A 3 effects on

hypometabolism well describe AD ProreSSION. .......ccueeverierierieriierieeientenieeteseeeie et sieeeesaeens 153
Figure 5-8. Schematic representation of the distant and local A  effects on metabolism........ 154
Figure 5-9. Multimodal analytical operations performed at every brain voxel. .......c...cccceeueenee 155

Figure 6-1. The MAO-B inhibitor, selegiline, reduces the ['*F]THK535 1uptake in the human
DIAIIL .ttt ettt ettt a e a e ettt et a e b nae 173
Figure 6-2. ["*F]MK-6240 autoradiographs of post-mortem brain tissues of AD and CN
INAIVIAUALS. ...ttt st sttt 195
Figure 6-3. Regional time-activity curves from selected brain regions for all individuals of the
POPUIATION. ...ttt ettt ettt et e et e et e e be e aeeesbeesseeesseesabeenseansseenseesasesnseessseenseenasaans 196
Figure 6-4. Chromatography, model compartmentalization, and data fit of ['*FJMK-6240. ..... 196
Figure 6-5. ['*F]IMK-6240 uptake reaches equilibrium during the scan time............................. 197

Figure 6-6. SUVRs measured from 90 to 110 min provide reliable ['*F]MK-6240 estimates.. 198

20

www.manaraa.com



Figure 6-7. SUVRs measured in later time frames had progressively more similar estimates than

the compartmental ANALYSIS. .........occuiiiiieiiiieiiecie ettt et be e ee 199
Figure 6-8. Comparisons between different quantification methods for [ *F]MK-6240............ 200
Figure 6-9. Quantification estimates across clinical diagnosis and brain regions. ..................... 201
Figure 6-10. ["*F]JMK-6240 SUVR parametric images of all participants. ..............cococeuee..v. 202
Figure 7-1. HDAC:s I level is reduced in patients with Alzheimer’s disease. .........cccceveeveennee 224

Figure 7-2. HDACs I level associates with Alzheimer’s disease pathophysiological processes.225
Figure 7-3. HDAC:s I level mediates the effects of amyloid- 3 and tau pathologies on cognitive
TIMPAITTIICTIL. ...eeutiiieiteiie ettt ettt ettt s h e b et sb e e bt et e eb e e bt eateeb e e bt enbeeate bt entesnsenbeensesaeens 226
Figure 7-4. Post-mortem analysis shows HDACs I reduction in vulnerable brain regions in
Alzheimer’ s disease patients and rats overexpressing human amyloid- 3 and tau pathology. 227
Figure 8-1. Graphical representation of the synergistic interactions in Alzheimer's disease. .... 242
Figure 8-2. Amyloid- § positive plus tau positive groups segregated using progressively higher
thresholds show progressively higher rate of progression to Alzheimer's dementia................... 245
Figure 8-3. The topographic overlap of amyloid- 5 and metabolic vulnerability is associated
With dementia SYMPLOIMS. ...ccuieruiiiiiiiieeieeiie ettt et e te et e st e ebeesebeebeesabeesbeessseeseesnseenseennns 246
Figure 8-4. Regions with high levels of amyloid- 3 and neurofibrillary tangles show reduction in
HDAGCS TIEVEL ..ottt sttt 251
Figure 8-5. The presence of amyloid- 3 plaques and neurofibrillary tangles dysregulates

epigenetic landscape leading to neurodegeneration and dementia. ........c..cccceveerueevienieneenennns 252

21

www.manaraa.com



Chapter 1: General Introduction

1.1 The discovery of “a peculiar disease of the cerebral cortex”

Dr. Alois Alzheimer met his most notorious patient, Auguste Deter, in November 1901, at the
mental asylum of Frankfurt (Burns et al., 2002). According to Auguste’s family, she had been
developing progressive personality changes in the months prior to her admission, first showing
an intense sense of jealousy toward her husband, followed by disorientation, memory
impairment, and reading and writing difficulties (Burns ef al., 2002). During the hospitalization,
she experienced a rapid worsening of symptoms, developing loss of higher mental functions and
severe hallucinations (Perusini, 1909). Over time, Auguste Deter developed into a state of total
apathy and, after four and a half years of symptoms, she died as a result of sepsis caused by an
infected decubitus ulcer (Perusini, 1909, Burns et al., 2002). In 1906, at a meeting of the Society
of German Alienists, Dr. Alois Alzheimer described “a peculiar disease of the cerebral cortex”
based on the neuropathological and clinical characteristics of Auguste Deter (Cipriani et al.,
2011). The neuropathological description showed brain atrophy and two other microscopic
abnormalities, the miliary foci on the silver-staining (later described as amyloid-p plaques) and
bundles of fibrils (later described as neurofibrillary tangles) (Alzheimer, 1911). In his
presentation, Dr. Alois Alzheimer made the important assumption that the neuropathological
changes mentioned above were directly related to the clinical symptoms of Auguste Deter
(Maurer et al., 1997). In fact, in the late nineteenth and early twentieth centuries, simple
distinctions such as the difference between mental illness and dementia were a major theme of
controversy in medical science (Boller and Forbes, 1998). Indeed, when identified, dementia was
considered a state of mind from senile decay (Boller and Forbes, 1998). Therefore, Dr. Alois

Alzheimer pioneering work, linking clinical symptoms with neuropathological abnormalities,
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marked the beginning of the Alzheimer’s disease (AD) research and provided the fundamental

framework for the current models of disease progression (Cipriani ef al., 2011, Jack et al., 2013).

1.2 The clinical spectrum of Alzheimer’s disease

The clinical progression of AD is invariably linked to typical postmortem neuropathological
features, such as extracellular deposition of amyloid-} protein in plaques, intracellular inclusions
of tau protein in the form of neurofibrillary tangles, and neuronal degeneration (Braak and
Braak, 1995, Braak and Braak, 1997). This clinical progression is insidious and characterized by
a latent and a prodromal phase followed by dementia symptoms (Jack et al., 2009). The fact that
amyloid-p plaques, neurofibrillary tangles, and neurodegeneration, have been detected in non-
demented individuals indicates that the AD pathophysiology begins before the onset of dementia
(Braak, 1991, Thal et al., 2002). In this regard, mild cognitive impairment (MCI) has been
identified as a prodromal phase of AD (Kayed et al., 2003, Albert et al., 2011), and preclinical
AD has been defined as cognitively normal persons with abnormal AD biomarkers (Sperling et

al., 2014, Dubois et al., 2016)

1.2.1 Alzheimer’s disease dementia

Dementia is a clinical syndrome characterized by difficulties in cognitive functions, such as
memory, executive abilities, and language, which affect the patient's ability to perform activities
of daily living (Association and Association, 2000). In 2016, the World Health Organization
indicated that approximately 47 million people worldwide suffered from some form of dementia.
In 2050, it is projected that 131 million people will suffer from dementia due to the aging of the

populations (Prince et al., 2016). Recently, the World Health Organization has suggested that
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dementia should be considered a global public health priority because of its immense social and

economic costs (Organization, 2012).

AD is the most common cause of dementia, accounting for 60-70% of all cases (Masters et al.,
2006, 2018). In 1984, the National Institute of Neurological and Communicative Disorders and
Stroke and the Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA)
working groups proposed the first criteria for AD dementia (McKhann et al., 1984). According
to these criteria, progressive decline in memory is the earliest and most prominent cognitive
feature of most individuals with AD dementia, in association with the decline of at least one of
the other cognitive functions in absence of other disorders that could justify cognitive deficits.
These characteristics were used to define a clinical diagnosis of probable AD, which together
with pathological evidence from brain biopsy or autopsy establish a definitive diagnosis of AD

dementia (McKhann et al., 1984).

Over the last few years, different working groups have revised the NINCDS-ADRDA criteria in
order to incorporate clinical and biological advances from the literature. Despite several
similarities with the NINCDS-ADRDA criteria, the updated criteria proposed by the Diagnostic
and Statistical Manual of Mental Disorders (DSM) (Association and Association, 2000), the
International Working Group (IWG) (Dubois et al., 2007, Dubois et al., 2014), and the National
Institute on Aging and the Alzheimer’s Association (NIA-AA) (McKhann et al., 2011) groups
suggest importance advances such as the recognition of nonamnestic presentations of AD and the
importance of defining activities of daily living impairment for the diagnosis of dementia (Guy

M. McKhanna, 2011). In addition, some of these groups proposed to incorporate disease
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biomarkers in the criteria. The IWG criteria for probable AD, for example, require cognitive
deficits and the abnormality of at least one biomarker supportive of AD, such as brain atrophy,

amyloid-f, and tau (Dubois ef al., 2007, Dubois et al., 2014).

1.2.2 Mild cognitive impairment

MCI is a clinical entity associated with a heterogeneous group of disorders that course with
cognitive deterioration (DeCarli, 2003, Gauthier et al., 2006). MCIs are capable of independently
performing daily living activities, despite of the presence of a quantifiable cognitive decline
(Gauthier et al., 2006, Albert et al., 2011). This clinical definition has been widely used by
healthcare providers and researchers who do not have access to disease biomarkers (Albert et al.,
2011). More recently, the research criteria, incorporating neuroimaging and cerebrospinal fluid
(CSF), were created to define MCI individuals more likely to be on an AD pathway (Albert et
al., 2011). In these criteria, MCI due to AD is defined in four levels of certainty depending on
the presence of AD biomarkers, and the MCls that are most likely to be on an AD pathway are
those with abnormal biomarkers of amyloid-f3 and tau pathology/neuronal injury (Albert et al.,

2011).

1.2.3 Preclinical Alzheimer’s disease

The concept of preclinical AD emerged from early histopathological observations that found AD
pathology in the brain of cognitively normal (CN) individuals (Hubbard ef al., 1990). With the
advance of in vivo biomarkers of AD, this concept evolved, and different classifications were
proposed based on the presence of AD biomarkers in living CN individuals. The NIA-AA

working group conceptualized preclinical AD in three stages: Stage 1, CN with evidence of

25

www.manaraa.com



amyloid-B pathology; Stage 2, CN with evidence of amyloid-p pathology plus
neurodegeneration; Stage 3, CN with evidence of amyloid-f pathology, neurodegeneration, and
subtle cognitive decline (Sperling et al., 2011). Subsequently, Jack and colleagues suggested a
Stage 0 to describe CN individuals with the absence of biomarker abnormalities and Suspected
Non-AD Pathophysiology (SNAP), which include CN individuals with neurodegeneration
evidenced by biomarkers without amyloid-f pathology (Jack et al., 2012). Recently, the IWG
suggested saving the term “preclinical AD” for CN individuals with amyloid-f plus tau
biomarkers abnormality, whereas CN individuals with only one abnormal biomarker (amyloid-f3

or tau) would be defined as “at risk for AD” (Dubois et al., 2016).

1.3 Alzheimer’s disease pathology

AD pathology is typically characterized by the cerebral accumulation of amyloid-f plaques,
neurofibrillary tangles, and downstream events such as neurodegeneration (Hardy and Allsop,

1991, Hardy and Higgins, 1992, Jack ef al., 2013).

1.3.1 Amyloid-f pathology

Amyloid-f plaques are extracellular deposits of amyloid-f3 aggregates generated by an abnormal
cleavage of the Amyloid Precursor Protein (APP) by a - and y-secretase (Chow ef al., 2010). In
the healthy brain, APP has been associated with the regulation of neuronal structure and synaptic
function (Tyan et al., 2012). APP may be cleaved either in 40 (amyloid-P;.49) or 42 (amyloid-f;-
42) residues (Jarrett ef al., 1993). Although amyloid-P;.49 differs from amyloid-f;.4; only in two
residues, the latter shows greater aggregation and neurotoxicity (Nguyen et al., 2016). The brain

distribution of amyloid-f pathology follows typical patterns during the course of AD. According
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to Braak and Braak (Figure 1-1), amyloid-f deposits can be found first in the basal neocortex
(stage A), followed by virtually all neocortical regions and the hippocampus (stage B), extending
to the sensorimotor cortex in the latest stage (stage C) (Braak and Braak, 1991). On the other
hand, Thal et al. propose that amyloid-f3 deposition progresses in five phases involving, first,
exclusively the neocortex (phase 1), followed by the entorhinal and hippocampal cortices (phase
2), the striatum and diencephalon nuclei (phase 3), certain brainstem nuclei (phase 4), and,
finally, the cerebellum and the remaining brainstem nuclei (phase 5) (Thal et al., 2002). Notably,
these postmortem studies show brain amyloid-f§ pathology in CN individuals with a distribution
similar to that observed in AD dementia patients, suggesting that amyloid-f is not a sufficient
condition to determine dementia (Hof et al., 1992, Schmitt ez al., 2000, Morris and Price, 2001,

Knopman et al., 2003).

1.3.2 Tau pathology

The microtubule-associated protein tau (MAPT) plays an essential role in stabilizing microtubule
structure (Vingtdeux et al., 2012). The MAPT gene on chromosome 17 encodes six different
isoforms of the tau protein that present either three (3R) or four (4R) microtubule-binding
domains (Liu and Gong, 2008, Vingtdeux et al., 2012). Both types of isoforms, 3R and 4R,
undergo abnormal hyperphosphorylation in AD, which leads to the formation of insoluble
intracellular aggregates, named paired helical filaments (Vingtdeux et al., 2012). Paired helical
filaments are the main constituents of neurofibrillary tangles, which are implicated in the
pathogenesis of AD (Selkoe, 1991). In AD, neurofibrillary tangles accumulation has been
suggested to begin in transentorhinal regions (stages I/II), followed by limbic (stage III/IV) and

neocortical regions (stages V/VI) (Figure 1-1) (Braak and Braak, 1991). In these studies, tau
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aggregates have been reported in the brain of non-demented individuals in limbic,
transentorhinal, and basal temporal strictures (Braak and Braak, 1991, Hof et al., 1992, Bouras et
al., 1993, Sonnen et al., 2011), suggesting that tau pathology alone is also not a sufficient

condition to determine dementia.

Figure 1-1. Pathological evolution of amyloid([ | and tau in Alzheimer's disease.

Severity

Stage |l and Il Stage llland IV Stage Vand VI

Typical progression of amyloid-p plaques and neurofibrillary tangles in AD proposed by Braak
and Braak. Adapted from Masters, et al. (Masters et al., 2015).

1.3.3 Neurodegeneration

Neurodegeneration refers to the pathophysiological processes associated with progressive loss of
neuronal structure and function (Selkoe, 1991). The presence of brain degeneration is closely
related to cognitive decline in patients with AD (Jack et al., 2013). However, it is important to
mention that neurodegeneration may be found in several other pathological processes and

cognitively normal aging (Wilson et al., 2010, Wyss-Coray, 2016). In AD, neurodegeneration

28

www.manharaa.com




occurs in allocortical and neocortical regions (Hubbard and Anderson, 1985, West ef al., 1994,

Gomez-Isla et al., 1996, Reddy et al., 2005).

1.3.4 Other key pathophysiological processes

Several other pathophysiological processes have been associated with AD, such as
cerebrovascular diseases and neuroinflammation (Gauthier et al., 2018). A growing body of
literature suggests a direct link between AD pathology and cerebrovascular disease (Beach ef al.,
2007, Yarchoan et al., 2012). These studies report that these two brain pathologies share many
risk factors, such as the APOE ¢4 allele, which is a genetic risk factor for AD (Kim et al., 2009)
and is independently associated with increased cerebrovascular load (Schilling et al., 2013).
Also, studies show that vascular risk factors can predict the clinical progression from MCI to AD
dementia (Li et al., 2011, Bergland et al., 2017). Indeed, it has been suggested that small vessel
diseases play a central role in the pathogenesis of AD (Lee et al, 2016). Similarly,
neuroinflammation has been often associated with AD (Heneka et al., 2015). Neuropathological
studies have reported reactive microglia in the brain of AD patients (Akiyama et al., 2000,
Eikelenboom et al., 2010), which is related to an inflammatory brain state and is correlated with
neurofibrillary tangles and amyloid-B plaques (DiPatre et al., 1997, Bamberger et al., 2003,
Mandrekar et al., 2009). Although strong evidence links microglial activation with AD
pathology, it remains to be clarified whether this association is protective or deleterious to

patients (Boche and Nicoll, 2008, De Strooper and Karran, 2016).

1.3.5 [Epigenetic modifications

Recently, epigenetic modifications have been found to be associated with the progression of
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chronic conditions (Egger et al., 2004, Feinberg, 2007). Although there is no consensus on the
definition of epigenetics, a widely accepted definition suggests that epigenetic mechanisms, such
as Deoxyribonucleic acid (DNA) methylation and histone modifications, encompass a range of
processes capable of imposing changes in gene expression without altering the DNA nucleotide
sequence (Levenson and Sweatt, 2005). Among different epigenetic regulators, histone
acetylation has been the most frequently associated with AD in recent studies (Graff et al., 2012,
Graff and Tsai, 2013) and is one of the most understood epigenetic modifications associated with
memory (Guan et al., 2009, Stefanko et al., 2009, Bousiges et al., 2010, Kim et al., 2012,
Malvaez et al., 2013, Lopez-Atalaya and Barco, 2014). Histone acetylation is a post-translational
modification that consists of adding an acetyl group to the N-terminal tail of histones, which can
lead to changes in gene transcription (Graff and Tsai, 2013). This process is modulated by the
equilibrium of two antagonistic groups of enzymes, histone acetyltransferases and histone
deacetylases (HDACsSs) (Grunstein, 1997, Verdone et al., 2006). Pharmacological manipulations
of histone acetylation using HDACs inhibitors have been found to improve long-term memory in
mice (Bredy and Barad, 2008, Haettig et al., 2011, Mahan et al., 2012, Ganai et al., 2015). In
addition, previous studies also associated histone acetylation with memory reconsolidation
through hippocampus and amygdala (Lubin and Sweatt, 2007, Maddox and Schafe, 2011).
Recently, studies have focused on class I HDACs (HDACs 1) (isoforms 1-3) as a key epigenetic
element associated with AD (Wei et al., 2017). They show HDACs I increase in several animal
models of AD and postmortem tissue (Graff et al., 2012, Yamakawa et al., 2017, Zhu et al.,
2017, Mahady et al., 2018). Some of these studies have linked the increase of HDAC1 with tau
pathology and the increase of HDAC2 and 3 with amyloid-$ pathology (Bie ef al., 2014, Zhu et

al., 2017, Mahady et al., 2018). Also, in line with these findings, analysis of postmortem AD
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brain tissue shows elevated HDAC?2 levels in the hippocampus and entorhinal cortex (Braak
stages I-1I), suggesting the existence of HDACs I dysregulation in early disease stages (Graff et
al., 2012). Overall, these studies suggest that elevated levels of HDACs I play a role in the

pathophysiology of AD.

1.3.6 Neuropathological criteria

To date, the definitive diagnosis of AD is obtained only with histopathological examination. The
most recent neuropathological diagnostic of AD proposed by NIA-AA (Hyman et al., 2012) is
based on the staging of amyloid-p plaques (Thal et al., 2002) and neurofibrillary tangles (Braak

and Braak, 1991), as well as neuritic plaque load (Mirra et al., 1991).

1.4 In vivo biomarkers

Biomarkers are objective measures that indicate a physiological or pathological process
(Biomarkers Definitions Working, 2001). In AD, the most recognized groups of biomarkers are

those derived from CSF and neuroimaging.

1.4.1 In vivo biomarkers of brain amyloid-f§ pathology

The presence of brain amyloid-p deposition can be evaluated in vivo from the concentrations of
amyloid-p species in the CSF as well as directly from the brain using positron emission
tomography (PET) (Motter et al., 1995, Blennow and Vanmechelen, 2003, Klunk et al., 2004,

Hansson et al., 2006, Bacskai et al., 2007, Ikonomovic et al., 2008).
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CSF observations suggest that amyloid-f;.42, rather than amyloid-B;.40, is highly correlated with
brain amyloid-f plaques (Iwatsubo et al., 1994, Yarchoan et al., 2012). Subsequently, several
studies have found abnormally reduced CSF levels of amyloid-f;.4, in AD patients and that these
levels are related to AD progression (Motter et al., 1995, Blennow and Vanmechelen, 2003,
Hansson et al., 2006). Since brain amyloid-p accumulation leads to a decrease in available CSF
amyloid-B (Kester ef al., 2009), CSF amyloid-p values correlate inversely with brain plaques in
postmortem and PET studies (Strozyk et al., 2003, Fagan et al., 2006, Fagan et al., 2009, Tapiola

et al.,2009).

The cerebral imaging of amyloid-f plaques offers a unique opportunity to detect regional
patterns of amyloid-B deposition in vivo, which is its most important advantage over other
techniques with non-spatial resolution, such as CSF (Tosun et al, 2011). [''C]Pittsburgh
compound B ([''C]PIB), the first high-affinity radiotracer for amyloid-B plaques, shows
increased cortical uptake in AD patients compared to CN and a regional uptake consistent with
postmortem descriptions of amyloid-p plaques in AD patients (Klunk et al., 2004, Bacskai et al.,
2007, Tkonomovic ef al., 2008). However, the short half-life of [''C] (~20 min) prevented the
dissemination of amyloid-B PET imaging beyond centers with radiochemical facilities.
Subsequently, with the development of ['*F]-labeled radiotracers with a longer half-life (~110
min), such as ['*F]florbetapir, ['*F]florbetaben, ['*F]flutemetamol, and ['*F]AZD4694, a broader
dissemination of amyloid- PET became possible (Nelissen et al., 2009, Jagust, 2010, Cselenyi
et al., 2012, Newberg et al., 2012, Sabri et al., 2015). These [ISF]-labeled markers showed
results highly comparable to those found with [''C]JPIB (Rowe et al., 2013, Hatashita ez al.,

2014, Landau et al., 2015). These studies suggest that PET constitutes a reliable marker for the
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in vivo detection of amyloid-f (Jack et al., 2009), particularly for brain deposits of fibrillar
amyloid-B peptides in the form of plaques (Ikonomovic et al., 2008). In concordance with
postmortem observation, PET studies have shown amyloid-f deposition in approximately 30%
of CN elderly and 60% of MClIs with a distribution similar to that observed in patients with AD
dementia, encompassing frontal, temporal, inferior parietal, and anterior and posterior cingulate
cortices (Figure 1-2) (Hof et al., 1992, Schmitt et al., 2000, Morris and Price, 2001, Knopman et
al., 2003, Forsberg et al., 2008, Okello et al., 2009, Jagust et al., 2010). Moreover, amyloid-3
biomarkers have limitations in predicting the clinical progression of AD (Jagust, 2016, Walsh
and Selkoe, 2016). In fact, brain amyloid-f levels measured in vivo or postmortem tissue show
low association with cognition (Terry et al., 1991, Snowdon et al., 1996, Riley et al., 2005,
Bennett et al., 2006, Savva et al., 2009). Thus, these studies support the idea that amyloid-f3
pathology alone is an insufficient condition to determine dementia (Braak and Braak, 1997,

Petersen et al., 2006).

1.4.2 In vivo biomarkers of brain neurofibrillary tangles

Neurofibrillary tangles can be assessed in vivo from CSF concentrations of phosphorylated tau
(p-tau) protein and directly from the brain using PET (Blennow et al., 2010, Skillback et al.,

2015, Jack et al., 2016, Pascoal et al., 2017).

Since the discovery that neurofibrillary tangles are composed of abnormally
hyperphosphorylated tau (Grundke-Igbal et al., 1986), CSF p-tau assays have been developed
and validated. Although tau can ben phosphorylated at various sites, most studies assay

phosphorylated tau at threonine 181 or 231 (Kohnken ef al., 2000, Vanmechelen et al., 2000).
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Postmortem studies show that CSF p-tau correlates with neocortical neurofibrillary tangles
(Tapiola et al., 1997, Buerger et al., 2006), and in vivo observations show that p-tau levels are
abnormally increased in AD patients and are correlated with disease progression (Tapiola et al.,

1997, Jack et al., 2016).

In vivo quantification of neurofibrillary tangles represents a new frontier in AD research. Several
radiotracers were proposed as candidates to measure tangles in vivo, such as ['*F]JAV-1451,
["*FITHK 5117, ['"*F]THK5317, ["*F]THK5351, and [''C]PBB3 (Chien et al., 2013, Xia et al.,
2013, Hashimoto et al., 2014, Harada et al., 2015, Stepanov et al., 2017). Validation studies
showed that these tracers have abnormal cortical uptake in MCI and AD patients and that this
uptake is consistent with the Braak staging (Johnson et al., 2016, Schwarz et al., 2016,
Betthauser et al., 2017, Kim et al., 2017). Similar to what has been described in postmortem
observation(Braak and Braak, 1991), tau abnormalities have been reported in the brains of non-
demented living individuals, supporting the idea that tau tangles alone is insufficient to lead to
AD dementia (Figure 1-2) (Johnson et al., 2016, Schwarz et al., 2016, Betthauser et al., 2017,
Kim et al., 2017). However, subsequent in vivo and in vitro observations suggest that other
pathophysiological processes heavily influence the cortical signal of the aforementioned first-
generation tau tracers. For instance, monoamine oxidase B (MAO-B) has been shown to affect
the uptake of ['"*F]THK5351 in typical AD-relate brain regions (Ng et al., 2017), whereas MAO-
A and o-synuclein may affect the uptakes of ["*F]AV-1451 and [''C]PBB3, respectively
(Hostetler et al., 2016, Koga et al., 2017). Recently, second-generation tau tracers were
developed with the objective of presenting higher affinity and selectivity for tangles than the

first-generation tracers. In early observations, these agents (e.g., ["*FIMK-6240,
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["*FIRO6958948, ['*F]P12620) showed promising results with an uptake pattern consistent with
the one reported by Braak as well as apparent higher affinity and selectivity for tangles than the

first-generation tracers (Pascoal et al., 2018, Villemagne et al., 2018, Wong et al., 2018).

1.4.3 In vivo biomarkers of neurodegeneration

Biomarkers of neurodegeneration provide information about neuronal damage (Jack et al., 2009,
Jack et al., 2013). Although CSF p-tau and total tau levels are highly associated, CSF total tau is
proposed to better reflect neuronal degeneration, rather than neurofibrillary tangles (Albert ef al.,
2011, Blennow and Zetterberg, 2015, Jack et al., 2016). Magnetic resonance imaging (MRI) is
the most widely used neurodegeneration biomarker (Shimizu et al., 2018). Brain volume
measured with MRI showed to be closely related to neuronal counts in autopsy studies (Jack et
al., 2002). Brain atrophy is a common finding in AD patients and usually manifests first in the
medial temporal lobe (Scahill et al., 2002). Brain measurements of glucose metabolism using
['*F]Fluorodeoxyglucose (['*FJFDG) PET are postulated to provide information on neuronal
function (Raichle and Mintun, 2006, Jack et al., 2009). Age-related ['*F]JFDG hypometabolism
has been reported in the dorsolateral and ventromedial frontal cortices (de Leon et al., 1987,
Leenders et al., 1990, Moeller et al., 1996), whereas hypometabolism in regions comprising the
brain’s default mode network (DMN) is highly associated with AD progression (Buckner et al.,
2005, Sperling et al., 2009, Landau et al., 2012, Mosconi, 2013). The visual assessment of

['"®F]FDG uptake has shown to improve the clinical diagnosis of AD (Jagust ef al., 2007).
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Figure 1-2. Representative individual showing abnormalities in biomarkers of amyloid-f,
tau, and neurodegeneration.

[18F]AZD4694 ['8F]MK-6240 ['8F]FDG
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The figure shows a representative CN individual showing amyloid-B (['*F]AZD4694), tau
(["*FIMK-6240), and neurodegeneration (['*F]JFDG) biomarkers abnormality. The participant
shows high amyloid-f load in the precuneus, PCC, and frontal lobe, high tau tangles load in PCC
and temporal lobe, and mild to moderate hypometabolism in the precuneus and PCC cortices.

1.4.4 In vivo brain biomarker of epigenetics

Very recently, in vivo quantification of brain epigenetics has become possible with the
development of the HDACs I selective PET tracer [''C]Martinostat (Wey ef al., 2015, Wey et
al., 2016). In contrast to fluid-based markers, [''C]Martinostat provides direct epigenetic
measures in brain tissue, allowing for the first time to establish direct associations between brain
epigenetic  modifications, pathophysiological processes, and cognitive symptoms.
[HC]Martinostat allows whole brain quantification of HDAC I isoforms 1, 2, and, 3, which are

mostly related to the transcription regulation of genes associated with neuroplasticity and
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cognition (Guan et al, 2009, Wey et al., 2016). Indeed, pharmacological doses of
[''C]Martinostat have been shown to induce changes in expression of genes linked to
neuroplasticity  (e.g., brain-derived neurotrophic factor and synaptophysin) and
neurodegeneration (e.g., progranulin), as well as changes in histone acetylation (Wey et al.,
2016). In healthy volunteers, [''C]Martinostat showed high uptake in neocortex and low uptake

in white matter and hippocampus (Wey et al., 2016).

1.5 Animal models of Alzheimer’s disease

Animal models expressing autosomal dominant human mutations are particularly useful for
studying the dynamic changes of AD biomarkers in controlled environments (Gotz and Ittner,
2008). Studies using these models offer less genetic and environmental variability than human
studies; therefore, they provide an important tool for investigating a specific hypothesis with less
interference of confounding factors (Gotz et al., 2004, Gotz and Ittner, 2008). Most of the
transgenic models of AD are mice (Gotz and Ittner, 2008) since few rat models expressing
amyloid-B have been successfully developed to date (Zimmer et al., 2014). Rats have a larger
brain compared to mice, which is an important advantage, particularly for in vivo studies using
techniques with low spatial resolution, such as PET (Zimmer et al., 2014). In this regard, the
McGill-R-Thy1-APP rat expressing human APP with Swedish double (K670N and
M671L(Mullan et al,, 1992)) and Indiana (V717F(Murrell et al., 1991)) mutations was
developed (Leon et al., 2010). McGill-R-Thy1-APP rats present amyloid-f accumulation (Parent
et al., 2017) but do not form neurofibrillary tangles (Do Carmo and Cuello, 2013). In contrast,

TgF344-AD rats with Presenilin-1 and APP mutations (Cohen et al., 2013, Munoz-Moreno et
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al., 2018) develop amyloid-f pathology and downstream neurofibrillary tangles (Cohen et al.,

2013, Munoz-Moreno et al., 2018).

1.6 Hypothetical models of Alzheimer’s disease progression

1.6.1 Amyloid hypothesis

The most accepted hypothesis describing AD progression, the so-called “amyloid-p hypothesis",
predicts that amyloid-p triggers all subsequent pathological manifestations associated with AD
(Hardy and Selkoe, 2002). This hypothesis was based on phenomenological observations, such
as the fact that the APP gene is located on chromosome 21(Kang ef al., 1987) and that aged
Down syndrome patients, a condition caused by a trisomy of chromosome 21, develop AD
pathophysiology (Olson and Shaw, 1969). In this model, increased toxic forms of amyloid-f lead
to tau hyperphosphorylation and consequently to its aggregation in the form of neurofibrillary
tangles. Subsequently, an imbalance of amyloid-f§ production and clearance determines neuronal

cell death, resulting in cognitive decline and eventually dementia.

1.6.2 Biomarkers models of Alzheimer’s disease progression
1.6.2.1 Sequential model

Based on the amyloid-f§ hypothesis, Jack and colleagues proposed a biomarkers cascade model
for AD progression (Jack ef al., 2013). This model suggests that amyloid-f} triggers a cascade of
sequential downstream events leading to neurofibrillary tangles formation, neuronal
degeneration, and cognitive decline. In this model, amyloid-f3 deposition reaches a plateau early
on in the disease process; therefore, the subsequent disease progression is defined by the severity

of tau pathology and neuronal degeneration. Thus, in this model, dementia symptoms do not
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result from a direct influence of amyloid-f; it is the tau pathology and neurodegeneration that

drive cognitive decline (Figure 1-3).

1.6.2.2 Alternative models

Since a purely sequential model of AD progression failed to explain numerous findings in the
biomarker literature, such as the presence of tau pathology and neurodegeneration in cognitively
normal individuals, even before amyloid-f in some brain regions (Braak and Braak, 1991, Hof et
al., 1992, Bouras et al., 1993, Sonnen et al., 2011), several adaptations of the canonical model
have been recently proposed. For instance, Figure 1-4 demonstrates several variations of the
sequential model and suggests the possibility of parallel pathophysiological effects between
amyloid-f and tau on disease progression, which suggest amyloid-f and tau as two independent
upstream processes that in a parallel lead to AD progression. In Figure 1-5, an alternative model
suggests that amyloid-B may facilitate the spreading of tau from the medial temporal lobe over

neocortical structures, which in turn leads to synaptic loss and dementia (Sperling et al., 2014).
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Figure 1-3. Hypothetical model of Alzheimer's disease dynamic biomarkers.
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The curves show a chronological order of biomarkers progression that begins with amyloid-3
(AP) deposition (purple and red). This induces acceleration of tauopathy (light blue), followed by
neurodegeneration (FDG PET and MRI, dark blue), and finally, cognitive impairment (green).
Adapted from Jack, et al. (Jack et al., 2013).

Figure 1-4. Hypothetical models linking amyloid-B, tau, and neurodegeneration with
cognitive decline.
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The figure summarizes possible mechanistic pathways of amyloid-f (A), tau (T), and
neurodegeneration (N) leading to cognitive decline (C). Amyloid-p and tau may arise
simultaneously due to a common upstream pathologic process (W) or may be induced by two
independent upstream pathologic processes (X and Y). Also, amyloid-B, tau, and
neurodegeneration may be induced by a common pathological process (Z). Adapted from Jack,
et al. (Jack et al., 2018).
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Figure 1-5. Hypothetical model showing an interplay between amyloid-f and tau in the
progression of Alzheimer's disease.
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Amyloid- accumulation triggers the spread of tau pathology from the medial temporal lobe
(MTL) over the neocortex. Adapted from Sperling, at al. (Sperling et al., 2014).

1.6.3 Synergistic model

A possible alternative explanation that is able to integrate some of the models mentioned above
is that amyloid-f, tau, and neurodegeneration arise, at least partially, independently and, at some
point, synergistic interact to determine dementia (Duyckaerts, 2011, Pascoal et al., 2017). In the
context of AD, the presence of a synergistic model would suggest that the effects of amyloid-f,
tau, and neurodegeneration on disease progression, taken together, is higher than the sum of their
separate effects at the same pathological levels. In the context of regression analysis, an
interaction occurs when a simultaneous influence of two or more independent predictors affect
the dependent outcome, whereas a synergistic interaction refers to the situation where the

interactive effect between independent predictors is higher than the sum of their separated effects

(Slinker, 1998) (Figure 1-6).
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Figure 1-6. Schematic representation of the synergistic interaction
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B3 represents the interactive effect between amyloid-f and neurofibrillary tangles or neuronal
injury associated with the development of dementia symptoms.

1.7 Rationale and Objectives

AD is the main cause of dementia but does not have an effective treatment. There is growing
recognition that the best strategy for achieving more effective disease-modifying therapies for
AD is to better understand the complex pathophysiological associations that occur during the
disease process, which are still poorly known. Although the leading theory suggests that
amyloid-p triggers downstream events leading to dementia, the presence of amyloid-f in the
brains of cognitively stable individuals and the loose correlation between amyloid-f and
downstream events challenge the accuracy of this model (Hof et al., 1992, Schmitt et al., 2000,
Morris and Price, 2001, Knopman et al., 2003). Therefore, the overarching goal of this thesis
was to use multimodal neuroimaging and fluid markers to provide new insights into the interplay

between amyloid-f, tau, neurodegeneration, and epigenetics as a determinant of AD progression.

Toward this goal, we designed 6 studies with the following specific objectives. In Chapters 2-4,
we evaluated individuals from the Alzheimer's Disease Neuroimaging Initiative (ADNI) dataset
to define whether the synergistic interaction between, rather than the sequential or additive
effects of, amyloid-p and tau is associated with 2-year disease progression. To start, we sought to

determine whether this synergy determines metabolic decline in preclinical AD (Chapter 2).
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The objective of Chapter 3 was to investigate the existence of biomarker thresholds associated
with the triggering of the aforementioned synergy. Chapter 4 was conceived to test whether this
synergy is responsible for the clinical progression from MCI to dementia. In Chapter S, we used
ADNI dataset and transgenic rats to study the associations between amyloid-f and
neurodegeneration (without the influence of tau pathology) with the clinical progression of AD
dementia. The next study (Chapter 6) was designed to validate, methodologically and clinically,
a new tau PET tracer for use in Chapter 7. Finally, in Chapter 7, we brain imaged individuals
across the AD spectrum using amyloid-f, tau, degeneration, and epigenetic biomarkers, as well
as evaluated postmortem brain tissue to investigate the role of epigenetic abnormalities in the

interplay between the AD pathophysiological processes.
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2.1 Preface

Although the vast majority of previous studies have focused on either amyloid-f or tau as
independent predictors of AD progression (Buerger et al., 2005, Ossenkoppele et al., 2014), a
theoretical framework proposes that both proteinopathies arise independently but synergistically
potentiate downstream neurodegeneration (Duyckaerts, 2011, Sperling et al., 2014). In fact,
recent studies have supported this idea showing that tau modulates the associations between
brain amyloid-f3 and atrophy in preclinical AD (Desikan et al., 2012, Fortea et al., 2014, Sperling
et al., 2014), while animal models have demonstrated an interactive effect between amyloid-f3
and tau peptides, leading to synaptic and neuronal damages (Ittner and Gotz, 2011). Hence, it is
plausible to propose that a synergy between amyloid-f and tau is the key element involved in the
subsequent metabolic decline in preclinical AD. In Chapter 2, we tested - for the first time -
whether the synergistic interaction between, rather than the independent or sequential effects of,
amyloid-f PET and CSF p-tau is associated with a 2-year metabolic decline in a population of

CN persons.

2.2 Abstract

This study was designed to test the interaction between amyloid-f and tau proteins as a
determinant of metabolic decline in preclinical Alzheimer’s disease. We assessed 120
cognitively normal individuals with ['*F]florbetapir positron emission tomography and
cerebrospinal fluid measurements at baseline as well as ['°F]fluorodeoxyglucose positron
emission tomography at baseline and at 24 months. A voxel-based interaction model was built to
test the associations between continuous measurements of cerebrospinal fluid biomarkers,
['*F]florbetapir and ['*F]fluorodeoxyglucose standardized uptake value ratios. We found that the

synergistic interaction between ['*F]florbetapir standardized uptake value ratio and cerebrospinal
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fluid phosphorylated tau measurements, rather than the sum of their independent effects, was
associated with a 24-month metabolic decline in basal and mesial temporal, orbitofrontal, and
anterior and posterior cingulate cortices (p<0.001). In contrast, interactions using cerebrospinal
fluid amyloid-f;.42 and total tau biomarkers did not associate with metabolic decline over a time
frame of 24 months. The interaction found in this study further support the framework that
amyloid-p and hyperphosphorylated tau aggregates synergistically interact to cause downstream
Alzheimer’s disease neurodegeneration. In fact, the regions displaying the metabolic decline
reported here were confined to brain networks affected early by amyloid-f plaques and
neurofibrillary tangles. Preventive clinical trials may benefit from using a combination of
amyloid-p positron emission tomography and phosphorylated tau biomarkers to enrich study
populations of cognitively normal subjects with a high probability of disease progression in

studies using ['*F]fluorodeoxyglucose as a biomarker of efficacy.

2.3 Introduction

Alzheimer’s disease (AD) clinically develops in the context of presymptomatic, mild cognitive
impairment and dementia stages and can be quantified in vivo via imaging and fluid biomarkers
(Jack et al., 2013). AD pathophysiological process has been modelled as a cascade of
progressive neuropathological events initiated by amyloidosis followed by hyperphosphorylated
tau accumulation and subsequent structural, functional and cognitive declines (Hardy and
Selkoe, 2002, Jack et al., 2013). Recent longitudinal studies have shown that the coexistence of
upstream events of the AD cascade predicts downstream structural and functional declines (Jack
et al., 2014). For example, Knopman and colleagues have reported that faster structural and

metabolic declines are observed in those individuals with abnormal baseline amyloid-f3 load and
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metabolism or hippocampal volume (Knopman et al., 2013). Furthermore, studies conducted in
cognitively normal individuals revealed amnestic and non amnestic cognitive declines in
individuals with co-occurrence of abnormal amyloid-f load and cerebrospinal fluid (CSF) tau
pathology, brain atrophy or hypometabolism (Knopman et al., 2012, Roe et al., 2013, Vos et al.,

2013, Mormino et al., 2014).

A conceptual framework proposes that amyloid-f3 and tau pathologies synergistically potentiates
subsequent downstream neurodegeneration (Duyckaerts, 2011). This synergistic framework
challenges previous AD pathophysiological theories emphasising amyloid-f3 or tau pathologies
as the major driving forces of disease progression, the so-called baptist and tauist perspectives,
respectively (Trojanowski, 2002). In fact, a cross-sectional study conducted in cognitive normal
individuals suggested brain atrophy of temporoparietal and occipital cortices as a function of the
interaction between abnormal CSF amyloid-f3;.42 and phosphorylated tau (p-tau) biomarker status
(Fortea et al., 2014). Similarly, the deleterious associations between CSF amyloid-f;.42 and brain
structure or cognition are dependent on the presence of abnormal CSF p-tau levels (Desikan et
al., 2011, Desikan et al., 2012). In fact, data supporting molecular synergistic interactions
between amyloid-f and tau peptides, leading to downstream toxicity, have been described in the

recent animal model literature (Ittner and Gotz, 2011, Chabrier ef al., 2014, Khan et al., 2014).

['*F]Fluorodeoxyglucose (['*F]JFDG) positron emission tomography (PET) is one of the most
important biomarkers in AD research and clinical practice. [°F]JFDG abnormalities reflecting
focal cerebral hypometabolism constitute a well-validated and sensitive biomarker associated

with AD pathophysiology, with potential applications in following disease progression and
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assessing the efficacy of disease-modifying interventions (Jagust et al., 2007). Although brain
metabolism is vulnerable to AD pathophysiology, the relationship between amyloid-p and tau
pathologies as determinants of brain hypometabolism is still unclear. Few longitudinal imaging
studies have supported a link, albeit a modest one, between amyloid-f or tau pathology and
metabolic decline (Ossenkoppele et al., 2012, Dowling et al., 2015). Although the pathogenic
synergism between brain amyloidosis and tau pathology has been postulated as a determinant of
AD progression, no previous study so far has tested whether the interactions between amyloid-3

and tau pathologies are associated with developing brain hypometabolism.

Here, in a longitudinal study of cognitively normal elderly individuals, we test the hypothesis
that ["*F]JFDG metabolic decline depends on the interaction between, rather than the independent

effects of, amyloid-p and tau biomarkers.

2.4 Subjects and Methods

Database description and study participants

Data used in the preparation of this article were obtained from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). The ADNI was launched in 2003
as a public-private partnership, led by Principal Investigator Michael W. Weiner, MD. The
primary goal of ADNI has been to test whether serial magnetic resonance imaging (MRI), PET,
other biological markers, and clinical and neuropsychological assessment can be combined to

measure the progression of mild cognitive impairment and early AD.
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For the present study, we selected cognitively normal subjects who had undergone baseline
lumbar puncture and ['°F]florbetapir PET imaging, as well as both baseline and 24-month
follow-up visits for the [°FJFDG PET. The operational definition of cognitively normal
individuals adopted in this study was a mini—-mental state examination score of 24 or higher, a
clinical dementia rating 0, and absence of any neuropsychiatric diagnosis including mild
cognitive impairment and dementia. The inclusion/exclusion criteria adopted by the ADNI are

described in detail at www.adni-info.org [accessed January 2016].

CSF analyses

CSF amyloid-f1.42, tau phosphorylated at threonine 181 and total tau were quantified using the
multiplex xXMAP Luminex platform (Luminex Corp, Austin, TX) with INNO-BIA AlzBio3
(Innogenetics) immunoassay kit-based reagents. The CSF biomarker data sets used in this study
were obtained from the ADNI files “UPENNBIOMKS5-8.csv”, and all the biomarkers values for
each individual were selected from the same file. Further details of ADNI methods for CSF

acquisition and CSF measurement can be found at www.adni-info.org [accessed January 2016].

MRI/PET methods
ADNI MRI and PET standard acquisition protocols are detailed elsewhere

(http://adni.loni.usc.edu/methods; accessed January 2016). Imaging analysis methods are

summarized in Figure 2-1. T1-weighted MRI images were corrected for field distortions and
subsequently processed using the CIVET image-processing pipeline. In summary, images
underwent non-uniformity correction, followed by brain masking and segmentation using the

Brain Extraction based on nonlocal Segmentation Technique (Eskildsen et al., 2012). Images
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were subsequently co-registered using a nine-parameter affine transformation and non-linearly
spatially normalized to the MNI 152 reference template. PET images were blurred with a
volumetric Gaussian kernel with a full-width half maximum of 8 mm. Subsequently, linear co-
registration and non-linear spatial normalization to the MNI 152 template space were performed
using the transformation derived from the semiautomatic PET/T1-MRI transformation and
anatomical MRI registration for each subject. Voxel-wise, standardized uptake value ratio
(SUVR) maps were then generated for ['°F]florbetapir using the cerebellum grey matter and the
global white matter as reference regions. [ *FJFDG SUVR images were generated using the pons
as a reference region. A global SUVR value for each subject was estimated from the precuneus
as well as from the prefrontal, orbitofrontal, parietal, temporal, anterior and posterior cingulate
cortices. Individual ['*F]JFDG SUVR values were obtained from the region of interest, tailored

by voxel-based statistical clusters.

Statistical methods
Statistical analyses were performed using the R Statistical Software Package version 3.0.2 with
the RMINC library. RMINC is an imaging package that allows image files in the MINC format

to be analysed within the R statistical environment (http://www.r-project.org/; accessed January

2016). The primary endpoint on this study was the rate of metabolic decline defined as:

* 100

SUVR Follow up — SUVR Baseline) 1

A%["*FIFDG = (
Aol F] SUVR Baseline * ATime

The biomarkers were analyzed using z-scores. Simple linear regression models evaluated the

effects of global ['*F]florbetapir SUVR or CSF p-tau as single regressors on A%['*F]JFDG. The
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voxel-based interaction model described below was built to test whether main and interactive
effects between global ['*F]florbetapir SUVR and CSF p-tau are associated with metabolic

decline.

A%["FIFDG = B0 + B1(['*F]Florbetapir) + B,(p — tau) + B5(['°F]Florbetapir * p

—tau) + covariates + error

To ensure that our results were not due to issues related to voxel-based analysis, we then isolated
the clusters, averaged the SUVRs, and performed the same analysis for each cluster using the
averaged SUVRs as the outcomes. The model was adjusted for age, gender and APOE &4 status.

The statistical parametric maps presented in this study were corrected for multiple testing.

Statistical significance was defined using a false discovery rate with a threshold of p<0.001.

2.5 Results

Demographics and key sample characteristics are summarized in Table 1. The effects of
['®F]florbetapir SUVR or CSF p-tau as single regressors on metabolic decline were not
significant in our population. Voxel-based analysis revealed that longitudinal ['*FJFDG SUVR
decline on basal and mesial temporal, orbitofrontal, anterior and posterior cingulate cortices was
driven by the synergistic interaction between ['°F]florbetapir SUVR and CSF p-tau
measurements (Figure 2-2). While the interaction term was significant ($3), the main effects of
['*F]florbetapir SUVR (B1) or CSF p-tau (B2) on 24 months metabolic decline were not

significant using our voxel-based regression model.
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Subsequently, we examined the interaction between ['*F]florbetapir SUVR and CSF p-tau on
A%["®FJFDG SUVR in the regions revealed by the voxel-based analysis using an averaged
SUVR value for each regions of interest. The effect of the interaction on metabolic decline was
higher in mesiobasal temporal (slope-coefficient ($3)=—4.42, SE=1.16, p<0.0001) and
orbitofrontal (slope-coefficient (f3)=—4.12, SE=1.4, p=0.0002), followed by anterior (slope-
coefficient (B3)=—2.77, SE=0.73, p=0.0001) and posterior cingulate (slope-coefficient
(B3)=—1.78, SE=0.75, p=0.0009) clusters. The main effects of ['*F]florbetapir SUVR or CSF p-
tau on metabolic decline were not significant in each of the regions of interest evaluated. This
interaction was absent in other brain regions such as the occipital lobe (slope-coefficient
(B3)=0.46, SE=1.03, p=0.65) or precuneus (slope-coefficient (B3)=1.18, SE=0.73, p=0.14).
Importantly, the interaction between ['*F]florbetapir SUVR and CSF p-tau as a function of
declines in ["*F]JFDG was not observed using global ['*FJFDG SUVR measurements (slope-

coefficient (B3)=—0.51, SE=0.59, p=0.36).

Interestingly, the average global ['*F]JFDG SUVR decline in our population was 1.6% (95% CI :
0.6% - 2.5%), whereas within the cluster revealed by the interaction analysis in basal and mesial

temporal, orbitofrontal, anterior and posterior cingulate cortices the average metabolic decline

was 6.1% (95% CI : 4.7% - 6.9%) over 24 months (see Supplementary Figure 1).

In our study population, ['*F]florbetapir SUVR was highly correlated with CSF amyloid-p;.4
(Spearman's tho=0.68, p<0.0001), while CSF p-tau was highly correlated with CSF total tau

(Spearman's rho=0.70, p<0.0001). However, alternative models showed that ['"*F]JFDG SUVR

decline was not associated with the interaction between CSF amyloid-f;.4, with total tau or p-
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tau. Furthermore, ['"F]JFDG SUVR decline was not associated with the interaction between CSF
total tau and ['*F]florbetapir SUVR. Similarly, interactions using CSF amyloid-.4; or total tau
biomarkers were not significant in the mesiobasal temporal, orbitofrontal, anterior and posterior

cingulate clusters.

Notably, longitudinal brain hypometabolism was independent of APOE €4 status or its
interactions with CSF p-tau (slope-coefficient (3)=—0.47, SE=1.40, p=0.74), CSF total tau
(slope-coefficient (B3)=0.56, SE=1.37, p=0.69), CSF amyloid-f;.4> (slope-coefficient
(B3)=—0.70, SE=1.26, p=0.58) or ['*F]florbetapir SUVR (slope-coefficient (p3)=0.48, SE=1.31,

p=0.72).

2.6 Discussion

The present study shows that the synergism between, rather than the sum of independent effects
of, continuous brain amyloid-f3 deposition and p-tau biomarkers drives the rate of metabolic
decline in AD related regions in a cognitively normal elderly population. We further found that
the interaction between brain amyloid-f deposition and total tau biomarkers did not predict

metabolic decline.

The synergistic interaction between brain amyloid-f deposition and CSF p-tau biomarkers
concentrations found in our study has to be carefully interpreted from the pathophysiological
perspective. In the statistical model proposed, in terms of such interaction within the study
population, the density of the brain amyloid-f deposition and CSF concentrations of p-tau

synergistically amplify the severity of the subsequent brain hypometabolism. As such,
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individuals with the highest baseline concentrations of ['*F]florbetapir SUVR and p-tau had the
highest rate of metabolic decline in AD related regions over a time frame of 24 months. One
might claim that this interaction supports the conceptual framework that amyloid-f and
hyperphosphorylated tau aggregates synergistically, rather than independently, potentiate
downstream neurodegeneration (Mesulam, 1999, Small and Duff, 2008, Duyckaerts, 2011). The
combined effect between amyloid-p and hyperphosphorylated tau has been supported by animal
model literature (Ittner et al, 2010). For example, p-tau potentiates amyloid-f induced
neurotoxicity (Quintanilla ez al., 2014) and molecular interactions between amyloid-f and p-tau
have shown to amplify synaptic and neuronal damage in AD (Manczak and Reddy, 2013).
Indeed, deleterious interactions between peptide aggregates have already been described in other
proteinopathies such as Lewy body disease (alpha-synuclein) (Clinton et al., 2010) and frontal

temporal lobar degeneration (TDP-43 inclusions) (Wang et al., 2014).

Fast metabolic decline in mesial temporal regions is not considered part of the normal aging
process (Kuhl et al., 1984, Moeller et al., 1996). Indeed, the mesial temporal metabolic decline
found in the present study is consistent with the idea that mesial temporal hypometabolism may
be an early metabolic abnormality linked to the AD pathophysiological process (Mosconi et al.,
2009, Lowe et al., 2014). Furthermore, the hypometabolic areas reported here converge to the
brain circuits that are affected early by neurofibrillary tangles and amyloid-f plaques (Braak and
Braak, 1991, Delacourte et al., 1999, Thal et al., 2002). Such convergence between metabolic
and neuropathological abnormalities in limbic regions further supports a synergism between
amyloid-f and tau pathologies leading to hypometabolism. Recently, a hypothetical model in

which the interaction between amyloid-f3 and tau aggregates potentiates mesial temporal synaptic
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dysfunction in the preclinical stages of AD has been suggested (Sperling et al., 2014). One may
claim that brain amyloid-B measurements represent a proxy of oligomeric amyloid-f3 (Lesne et
al., 2013). As such, the deleterious effects of amyloidosis reported here might be mediated by

amyloid-f oligomers rather than fibrillar conformations.

In addition to recent findings supporting the claim that the synergism between brain amyloidosis
and neurodegeneration is associated with AD progression (Knopman et al., 2013, Jack et al.,
2014), here we demonstrate that ['*F]florbetapir PET rather than CSF amyloid-B;4, — and CSF
p-tau rather than total tau — better predict mesial temporal metabolic decline. The motivation to
explore these effects using amyloid-PET in our study is derived from its close association with
AP plaques load (Ikonomovic et al., 2008), whereas CSF total tau and p-tau may provide
additional information regarding neurodegeneration and neurofibrillary tangles load, respectively
(Blennow et al., 2010, Skillback et al., 2015). Therefore, our results support the concept that the
interaction between brain amyloid-p plaques and neurofibrillary tangles drives downstream
neurodegeneration in early disease stages. Additionally, the better prediction obtained with CSF
p-tau as compared with total tau might be explained by the possible higher specificity of p-tau to
AD pathophysiology. While high concentrations of p-tau better characterize the AD pathological
process (Hampel et al., 2010), abnormal CSF total tau may be found in several brain disorders
associated with axonal death and neuronal loss (Brandt er al., 2005). Indeed, two previous
studies conducted in ADNI participants also found that CSF p-tau, but not total tau, modulates
the link between amyloid-f pathology and brain atrophy or cognitive decline (Desikan et al.,
2011, Desikan et al., 2012). Although CSF amyloid-f3;.4; is considered an effective biomarker for

representing disease status, direct measurements of brain amyloid-§ deposition, as measured with
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amyloid-PET imaging, might be more strongly associated with eminent disease progression in
early AD stages (Leuzy ef al., 2015, Mattsson et al., 2015). Alternatively, the lack of association
of CSF total tau and CSF amyloid-f3;.4» with metabolic decline may be due to the characteristics

of the participants of the study population or the CSF assay.

Clinical insights can be derived from the present results. For example, the combination of
abnormalities of CSF p-tau and amyloid-PET biomarkers might serve as a strategy for
population enrichment, while ['"*FJFDG PET may serve as a biomarker of efficacy in disease-

modifying clinical trials that focus on individuals in the preclinical stages of AD.

The major methodological strength of the present results constitutes the use of continuous
variables in our statistical analysis. In fact, biomarkers are naturally continuous measurements
and dichotomization techniques such as establishment of abnormalities thresholds have been
constantly debated (Villeneuve et al., 2015) and might not be ideal way to evaluate a disease
with a continuous spectrum as Alzheimer’s disease. Another strength in our analysis was the
conservative multiple comparison correction threshold using a significance level of 0.001 to
interpret the data, which helped to avoid false positives results. To the best of our knowledge,
this is the first study showing the synergism between amyloidosis and neurodegeneration without

assuming a threshold for biomarker abnormalities or artificial dichotomization techniques.

Methodological aspects limit the interpretation and external validity of the present results. It is
important to mention that ADNI participants are highly educated; therefore mechanisms of brain

and cognitive reserve may play a role in the ['*FJFDG PET outcomes reported here (Stern,
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2012). The study population is composed of a group of individuals who accepted to participate in
a study focusing on AD. Therefore, our population may be a self-selected group of individuals
who worry about cognition. It would be highly desirable to replicate these results in a larger
population-based cohort. The observations reported here are purely phenomenological and do
not intend to prove a biological synergy between amyloidosis and tau pathology. Our statistical
model might have captured a sequence of events involving amyloid-B aggregation, and
subsequent tau phosphorylation and metabolic decline. Certainly, molecular biology approaches
involving cell cultures and in vivo studies combining long-term sequential imaging of amyloid-f3,
tau and brain metabolism in animal models and in humans could better assess a causal relation
between these pathological proteins and brain metabolic decline. We presented the PET data
without correcting for partial volume effects. Although partial volume correction had an impact
on our SUVR values, this effect did not translate into significant differences in our final results.
Previous studies suggest that hypometabolism is more related to APOE ¢4 status than to
amyloid-f accumulation (Jagust et al., 2012). Interestingly, we found no interactive effects
between APOE ¢4 status and tau biomarkers leading to hypometabolism. However, despite
recent evidence suggesting no effect of APOE &4 status in the metabolism of AD related brain
regions in preclinical individuals (Lowe et al., 2014), one should be cautious regarding the
influence of APOE €4 in the present results due to our relatively small sample size to detect

genetic influences in early disease stages.

In conclusion, the proposed interaction between amyloid-f and tau supports the idea of a more

integrative model of AD, although it does not explicitly refute the baptist or tauist perspectives.
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2.7 Tables and Figures

Table 2-1. Demographics and key sample characteristics.

Characteristics Values
Number of subjects 120
Age, mean, years (SD) 74.9 (6.7)
Males, n (%) 63 (52)
Education, mean (years) (SD) 16.5 (2.6)
MMSE, mean (SD) 29.1 (1.2)
APOE &4 carriers, n (%) 30 (25)
Follow-up, months, mean (SD) 24.1 (1.7)
CSF p-tau, mean pg/ml (SD) 35.7 (16.5)
CSF total tau, mean pg/ml (SD) 71.9 (34.2)

CSF amyloid- 142, mean pg/ml (SD) 199.4 (51.5)
['*F]Florbetapir, mean SUVR (SD) 1.14 (0.14)

CSF=cerebrospinal fluid; MMSE=mini-mental state examination; p-tau=phosphorylated tau;
SD=standard deviation; SUVR=standardized uptake value ratio.

58

www.manaraa.com



Figure 2-1. Summary of image analysis methods.

i

Voxel-based interaction model between ['8F]FDG SUVR, ['éF]Florbetapir
SUVR and CSF phosphorylated tau

|
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Figure 2-2. Synergistic effect between ['°F|florbetapir SUVR and CSF p-tau drives
['"®*F]FDG uptake decline in limbic regions.

t value

Statistical parametric maps, after correcting for multiple comparisons (false discovery rate
corrected at p<0.001), overlaid in a structural MRI scan, reveal areas in which 24-month
['"®F]FDG uptake decline occurs as a function of the interaction between baseline ['*F]florbetapir
SUVR and CSF p-tau measurements. Significant interactive effects were observed in the basal
and mesial temporal, orbitofrontal, and anterior and posterior cingulate cortices. The analysis
was corrected for age, gender and APOE &4 status.
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2.9 Supplementary Material
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Supplementary Figure 1. The highest rates of ['*FIFDG decline were found in regions
where the interaction between ['*F]florbetapir SUVR and CSF p-tau was determinant to
the metabolic decline. In the box and whisker plots, the lower and upper boundaries show the
25th and 75th percentiles, respectively, whereas the horizontal line shows the median. P values
indicate the values assessed with paired t-test between baseline and 24-month follow-up visits.
A1) The dots represent the global ['*F]FDG standardized uptake value ratio (SUVR) values for
each subject. A2) The dots represent the ['*FJFDG SUVR values inside the clusters revealed by
the interaction analysis in basal and mesial temporal, orbitofrontal and anterior and posterior
cingulate cortices for each subject. B) The dots represent percentage of difference between
baseline and 24-month follow-up visits using global ['*FJFDG SUVR values (red) and the

regions revealed by the interaction analysis (blue) for each subject.
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3.1 Preface

We placed a special focus on better understanding the progression of CN individuals in the
previous chapter because this population is known to present minimal rates of AD-related
progression over typical clinical trial periods. This lack of disease-related progression imposes
several methodological limitations to test the emerging anti-amyloid or anti-tau therapies in these
individuals. Specifically, we demonstrated in the previous chapter that a synergistic interaction
between amyloid-f and tau drives metabolic decline over 2 years in CN individuals. These results
support a model where amyloid-f and tau arise independently, but when these pathologies reach
certain pathological levels, they synergistically interact to determine disease progression. This
suggests the existence of amyloid-p and tau pathological thresholds associated with the triggering
of this synergy. Likely, these thresholds may provide a better framework for the enrichment of
clinical trial populations with CN individuals at the imminence of progression as compared to
standard thresholds that indicate only the presence of brain pathologies. Therefore, in Chapter 3,
we studied the amyloid-f and tau pathological thresholds associated with triggering their synergy

in order to provide a tangible framework to be used in clinical trials focusing on CN individuals.

3.2 Abstract

Purpose: We aimed to determine the amyloid (AB) and tau biomarker levels associated with

imminent Alzheimer’s disease (AD) - related metabolic decline in cognitively normal individuals.

Methods: A threshold analysis was performed in 120 cognitively normal elderly individuals by
modelling 2-year declines in brain glucose metabolism measured with ['*F]fluorodeoxyglucose
(["*F]JFDG) as a function of ['*F]florbetapir AP positron emission tomography (PET) and

cerebrospinal fluid phosphorylated-tau biomarker thresholds. Additionally, using a novel
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analytical framework capable to perform voxel-wise power calculations, we determined the
sample sizes needed to test an estimated 25% drug effect with 80% of power on changes in

['"®F]FDG uptake over 2 years.

Results: We found that the combination of a ['*F]florbetapir standardized uptake value ratio and
phosphorylated-tau levels more than one standard deviation higher than their respective thresholds
for biomarker abnormality was the best predictor of metabolic decline in preclinical AD.
Moreover, we found that a clinical trial using these thresholds would require as little as 100

individuals for testing a 25% drug effect on AD-related metabolic decline over 2 years.

Conclusions: These results highlight the new concept of combined AP and tau thresholds
predictive of imminent neurodegeneration as an alternative framework with a high statistical
power for testing the effect of disease-modifying therapies in ['*F]JFDG decline over a typical 2-

year clinical trial period in preclinical AD.

3.3 Introduction

The preclinical stages of Alzheimer’s disease (AD) have become the main focus of therapeutic
clinical trials given the assumption that better outcomes can be achieved with changes in the
course of the disease before cognitive symptoms (Sperling et al., 2014, Dubois et al., 2016). The
International Working Group and the American Alzheimer’s Association have recently
characterized preclinical AD as the combination of amyloid-f3 and tau abnormalities in cognitively
normal persons(Dubois et al., 2016). Although these individuals have shown greater rates of

disease progression than cognitively normal biomarker negative ones, most of them remain stable
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over typical clinical trials periods (Holland ef al., 2012, Dubois et al., 2016). Therefore, a critical
next step proposed by the working groups was to identify, among the preclinical individuals, those
with the highest likelihood of disease progression within time frames acceptable for clinical trial

designs due to the financial, medical, and ethical considerations (Dubois et al., 2016).

Its slow rate of change makes the use of cognition as the primary outcome of clinical trials using
preclinical AD individuals difficult because it imposes prohibitively high sample sizes and long
follow-ups (Gauthier et al., 2016). Hence, surrogate measurements of disease progression using
established biomarkers of neurodegeneration might provide a useful alternative for such
trials(Sperling et al., 2011). In fact, few studies have tested changes in structural magnetic
resonance imaging (MRI) as a possible surrogate marker for preclinical AD clinical trials. For
example, a recent observation in ADNI has suggested prohibitively large sample size estimates to
test changes in structural MRI in preclinical AD individuals enriched using AP and tau biomarkers
(Holland et al., 2012). In this regard, changes in [ *F]fluorodeoxyglucose (['*F]JFDG) uptake have
been suggested with applications in following disease progression and monitoring therapeutic
effects (Edison et al., 2007, Jagust et al., 2007, Fouquet et al., 2009, Bruck et al., 2013, Morbelli
et al., 2017, Torosyan et al., 2017). Indeed, ["*F]JFDG positron emission tomography (PET) is one
of the most important biomarkers of AD with applications in the research and clinical settings.
However, the characteristics of ['*F]JFDG as a surrogate variable for preclinical AD clinical trials

are scarcely known.

In fact, an inclusion criteria with cognitively normal individuals harboring amyloid-f3, tau, and

abnormal ['*F]JFDG uptake could be argued as an interesting strategy for these trials, since they
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have a higher probability of developing further neurodegeneration and cognitive symptoms
(Dubois et al., 2016). However, it is reasonable to suggest that the absence of baseline
neurodegeneration might offer a more favourable pathophysiological scenario for preventive

therapies aiming to mitigate disease progression (Sperling et al., 2014).

Recent literature has proposed that AB and tau pathologies may arise independently and, at some
pathophysiological point, synergistically potentiate imminent neurodegeneration in preclinical AD
(Duyckaerts, 2011, Sperling et al., 2014, Pascoal et al., 2016, Pascoal et al., 2016). Notably, this
framework infers the existence of thresholds for AP and tau pathologies associated with the
triggering of their deleterious synergy on neurodegeneration. However, the fact that the majority
of the preclinical individuals, AP positive plus tau positive, remain pathophysiological stable over
long periods suggests that these thresholds are greater than their respective individual thresholds
for biomarker abnormality(Dubois et al., 2016). Thus, the determination of the, AB and tau,
biomarker thresholds associated with imminent neurodegeneration might provide complementary

information on preclinical individuals destined to develop AD-related progression.

Here, we tested the hypothesis that the combination of optimized amyloid-f3 and tau thresholds
predictive of neurodegeneration might provide an alternative framework with a high statistical
power for testing the efficacy of the emerging disease-modifying therapies. This framework has
the potential to select preclinical individuals on the verge of AD-related progression, considering

metabolic changes as indices of neurological decline.

73

www.manaraa.com



3.4 Subjects and Methods

Participants
Data used in the preparation of this article were obtained from the Alzheimer’s Disease

Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). The ADNI was launched in 2003 as

a public-private partnership, led by Principal Investigator Michael W. Weiner, MD. The primary
goal of ADNI has been to test whether serial MRI, PET, other biological markers, and clinical and
neuropsychological assessment can be combined to measure the progression of mild cognitive
impairment and early Alzheimer’s disease. For the present analysis, we selected 120 cognitively
normal ADNI participants who underwent cerebrospinal fluid (CSF) phosphorylated-tau (p-tau)
and ['*F]florbetapir PET at the same baseline visit, as well as ['*FJFDG PET at the baseline and at

the 2-year follow-up visit.

CSF analysis

CSF p-tau and CSF AP were quantified with INNO-BIA AlzBio3 immunoassay using the
multiplex XMAP Luminex platform (Luminex Corp, TX). The CSF data used in the analysis were
selected from the ADNI files “UPENNBIOMKS5-8.csv”, and all the values for each subject were
obtained from the same file. The standard threshold for p-tau abnormality was based on ADNI
published value (>23pg/ml) (Shaw et al., 2009, Toledo et al., 2013). Further details of methods

for CSF acquisition and quantification can be found at www.adni-info.org.

MRI/PET

MRI and PET acquisitions followed the ADNI protocols (http://adni.loni.usc.edu/methods). The

MRI T1-weighted images underwent non-uniformity correction, brain masking, and segmentation

using the Brain Extraction based on nonlocal Segmentation Technique (Eskildsen ef al., 2012).
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Then, T1-weighted images were processed using the CIVET image-processing pipeline and
registered using a nine-parameter affine transformation and non-linearly spatially normalized to
the MNI 152 template (Zijdenbos et al., 2002). PET images were smoothed using a volumetric
Gaussian kernel with a full-width half maximum of 8 mm. Subsequently, linear registration and
nonlinear normalization to the MNI 152 template were performed with the linear and nonlinear
transformation derived from the automatic PET to MRI transformation and the individuals
anatomical MRI co-registration. ['*F]Florbetapir and ['*F]JFDG standardized uptake value ratio
(SUVR) maps were generated using the cerebellum grey matter and the pons as reference regions,
respectively(Pascoal et al., 2016). Global PET SUVR values for each subject were estimated from
the precuneus, prefrontal, orbitofrontal, parietal, temporal, and cingulate cortices. In our pipeline,
30% of controls were amyloid-p positive using a standard ['*F]florbetapir SUVR threshold of
1.15, which is consistent with ADNI publications (Joshi et al., 2012, Landau ef al., 2012). Further
details regarding our imaging-processing pipeline can be found elsewhere (Pascoal et al., 2016,

Pascoal et al., 2016).

Statistical methods
Threshold analysis

We determined the thresholds predictive of metabolic decline by modeling A['*F]JFDG

1% ) as a function of baseline ['*F]florbetapir and p-tau
ATime p p

( (SUVR Follow up—SUVR Baseline) "
SUVR Baseline

thresholds in regions-of-interest. The regions were segmented using the coordinates in the MNI
ICBM atlas(Mazziotta et al., 2001), and the threshold analysis was performed using the GraphPad
Prism 6.0 software. R-squared and F-test served as the basis of the goodness-of-fit, while the

Akaike information criterion (AIC) compared linear and non-linear functions. The non-linear
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associations were assumed as sigmoidal, based on literature(Jack et al., 2013), and formulated as

follows:

In this equation, Y is the A['"*F]FDG, X is the biomarker threshold, and a, b, ¢, and d are the
parameters of the fitting, where a corresponds to the lower asymptote of the A['*F]JFDG at the unit
of Y, b corresponds to the total change in A['*F]JFDG as a function of biomarkers (value between
the lower and the upper asymptote) at the unit of Y, ¢ is the A['"*F]FDG at the inflection point of
the curve at the unit of X, and d represents the curve steepness. The biomarkers threshold of
imminent metabolic decline was defined as the value where the curvatures changed sign (X(c)).
This point was assumed as the magnitude that needs to be reached by the biomarker for the

determination of a significant 2-year metabolic decline.

Group comparison analysis

Group comparisons were performed with analysis of covariance (ANCOVA) using R Statistical
Software Package version 3.1 to test for significant differences in metabolic decline between
biomarker groups and also in demographic differences between biomarker groups for continuous
variables, whereas a chi-square was performed for the categorical ones. The P values are
presented after correction for multiple comparisons testing using Bonferroni at a significance level
of 0.05, and differences in metabolic decline among the biomarker groups were further adjusted

for age, gender, education, and APOEe4 carriage status.
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Voxel-wise sample size calculation

A voxel-wise power analysis was performed using MATLAB 15a software with a novel analytical
tool adapted to assess the sample size necessary for a clinical trial testing for a drug effect on
A["*F]FDG at every brain voxel (Mathotaarachchi ez al., 2016). To the best of our knowledge, this
is the first PET study performing voxel-wise power calculations. The sample calculations
estimated the number of subjects required to detect 25% slowing in A['*F]FDG for a hypothetical
disease-modifying therapy versus placebo with 80% of power at a 5% level (Leung et al., 2010,
Grill et al., 2013). The analysis was performed with a well describe formula across the biomarker

groups (Benjamini and Hochberg, 1995, Fox et al., 2000, Leung et al., 2010, Grill et al., 2013).

207
. _ 2 -
sample size (voxel (x,y,z)) = (0 + 6)* * (A * )2

We used 0=0.842 to power at 80 %, 6=1.96 to test a significance of 5%; Au is the average percentage
of change in the signal intensity of ['"*F]JFDG; B is the drug effect of 0.25 to reflect the difference
in ['"*FJFDG uptake between drug and placebo groups; ¢ is the standard deviation (SD) of
['®F]FDG changes, and (x,y,z) is each voxel coordinate. Importantly, the parametric images show
the regions with a significant metabolic decline over 2 years after correction for multiple

comparisons testing using a false discovery rate at P < 0.001.

3.5 Results

Threshold analysis
A sigmoidal-shaped curve was the best fit to represent the decline in ['*F]JFDG over 2 years as a

function of ['*F]florbetapir thresholds in the mediobasal temporal (R*=0.98; AIC of 11.83 with
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probability of correctness (PC) of 96.57% versus 3.43% for the linear model), orbitofrontal
(R2=O.97; AIC=17.11; PC=99.98%), anterior (R2=O.97; AIC=1.86; PC=71.68%), and posterior
cingulate (R>=0.97; AIC=6.43; PC=96.13%) cortices. Based on the inflexion point of the
preferred sigmoidal model, a curve-fitting threshold analysis on averaged clusters (R*=0.98;
AIC=5.26; PC=93.28%) revealed the optimal ['*F]florbetapir threshold predictive of imminent
metabolic decline to be at 1.228 (95%CI 1.205-1.253; 1 SD higher than the standard threshold)
(Figure 3-1A,B) (Supplementary table 1). Interestingly, although ['°F]florbetapir SUVR was
highly correlated with CSF A (Spearman's rho=0.68, P < 0 .0001), CSF AP thresholds did not
significantly model the declines in ['*F]JFDG uptake in the aforementioned regions in our

population.

A sigmoidal-shaped curve was the best fit to represent declines in ['*F]JFDG as a function of p-tau
thresholds in the mesiobasal temporal (R*=0.97; AIC=7.53; PC=97.74%), orbitofrontal (R*=0.96;
AIC=7.88; PC=98%), anterior cingulate (R’=0.98; AIC=23, PC>99%), posterior cingulate
(R2=O.94; AIC=5.15, PC>96%), and averaged clusters (R2=0.94; AIC=8; PC=98.23%). Curve-
fitting threshold analysis on averaged clusters revealed an inflexion point of 45 pg/ml (95%CI

43.72-47.9; 1.3 SD higher than the standard threshold) (Figure 3-1C, D) (Supplementary table 1).

In addition, we plotted A['*F]JFDG inside clusters in ['*F]florbetapir positive plus p-tau positive
groups segregated by using all possible combinations of thresholds for both biomarkers
(n=14,400). The 3D plot further supported that preclinical AD individuals defined using
progressively higher biomarker thresholds, with both biomarkers levels greater than the thresholds
of imminent metabolic decline, had progressively higher rates of A['*F]JFDG hypometabolism

(Figure 3-2).
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Group comparison analysis

Applying the new criteria for preclinical AD with standard thresholds(Dubois et al., 2016), out of
120 individuals, 24 (20%) were biomarker negative, 63 (53%) were at risk for AD (only one
biomarker abnormality), while 33 (27%) were preclinical AD with both AP plus p-tau
abnormalities. Using the proposed combination of [18F]ﬂ0rbetapir (SUVR>1.228) and CSF p-tau
(>45 pg/ml) thresholds predictive of imminent metabolic decline, out of 33 preclinical individuals
17 (14%) had both biomarkers above thresholds. Importantly, voxel-wise comparison revealed
that all the aforementioned biomarker groups did not have any significant difference in ['*F]FDG
uptake from each other at the baseline visit. Demographics and key sample characteristics of the

individuals of population across biomarker groups are summarized in Table 3-1.

ANCOVA in averaged regions further confirmed that individuals with ['*F]florbetapir plus p-tau
levels above the aforementioned thresholds drove the rate of ['*F]JFDG decline in the mediobasal
temporal, orbitofrontal, anterior, and posterior cingulate cortices in our population (Figure 3-3).
The biomarker groups did not present any difference from each other in baseline ['*F]FDG uptake
inside the averaged regions-of-interest. Interestingly, in the precuneus and the occipital lobe, there

were no significant differences in the decline in ['*F]JFDG uptake across the biomarker groups.

Voxel-wise sample size calculation

A voxel-wise power analysis — free of anatomical assumptions - further confirmed that individuals
with both biomarkers above the proposed thresholds offer the best alternative for population
enrichment of therapeutic trials using changes in voxel-wise [ "F]FDG over 2 years as a surrogate

variable, requiring as little as 50 individuals per trial arm in large clusters in the orbitofrontal,
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anterior and posterior cingulate, mediobasal and lateral temporal cortices (Figure 3-4).

Additionally, to ensure that the results of our voxel-wise power calculation were not due to any
issues related to the voxel-wise approach, we averaged the SUVR values inside segregated
regions and performed the same analyses for each region using these averaged SUVRs as the
outcome (Supplementary table 2). Using averaged A['*F]FDG in the mediobasal temporal cortex
as surrogate, a study enriched with the combination of the proposed thresholds (['*F]florbetapir
SUVR>1.228 and p-tau >45 pg/ml) would require 87 preclinical AD individuals per trial arm for
testing a 25% drug effect (80% of power at a 5% level) over 2 years. On the other hand, a clinical
trial using the concept of preclinical AD with standard thresholds (['*F]florbetapir SUVR>1.15
and p-tau >23 pg/ml) would require 416 individuals per arm, whereas a trial with not enrichment

strategy would require 738 individuals per arm.

3.6 Discussion

In summary, our results suggest that the AP and tau thresholds associated with imminent AD-
related metabolic decline in preclinical AD are higher than their respective thresholds of
biomarker abnormality. In addition, we showed that an inclusion criterion based on these
thresholds and the use of voxel-wise changes in ['*F]JFDG as a surrogate constitute an alternative

framework with a high statistical power for a 2-year long clinical trials in preclinical AD.

Overall, we propose here the new concept of amyloid-p and tau thresholds of imminent
neurodegeneration as a valuable asset for the enrichment of clinical trials with preclinical

individuals with a high probability of developing AD-related neurodegeneration within short time
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frames. Specifically, we demonstrated that a 2-year long clinical trial using brain A plus CSF p-
tau thresholds more than one standard deviation higher than their standard values for enrichment
and regional ['*F]FDG as a surrogate would require as little as 100 cognitively normal individuals
for testing a hypothetical 25% drug effect. These results contrast with a recent study performed in
ADNI preclinical AD individuals defined as AP positive plus tau positive which found that a
clinical trial would require more than 2,000 individuals for testing a hypothetical 25% drug effect
with 80% of power on 2-year changes in cognition or structural MRI (Holland et al., 2012). It is
important to emphasize that the thresholds proposed here are based on dynamic biomarker
changes and indicate metabolic decline over short time frames, rather than the presence or absence
of pathological proteinopathies, which is best assessed with post-mortem correlations (Villeneuve
et al., 2015). It is also important to mention that in our understanding the term "biomarker
abnormality" refers to the presence of brain pathology and should be defined by the thresholds
that better associate with post-mortem studies. Within the biomarker abnormality spectrum, we
suggest the existence of thresholds of imminent disease progression, which will select among the
individual with biomarker abnormality the ones with the highest probability of progression to a

given outcome.

Since the proposed model optimizes neurodegeneration as a function of amyloid-f and tau levels,
we may argue that this model has immediate applicability to provide a framework with a high
statistical power for the emerging anti-tau and anti-amyloid therapies. Interestingly, the highest
rates of metabolic decline presented by the preclinical AD individuals were found in the limbic
structures within the cingulate, orbitofrontal, medial and basal temporal cortices. Importantly, this

pattern of metabolic dysfunction is not considered part of the normal aging (Kuhl et al., 1984,
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Moeller et al., 1996). In fact, metabolic decline in limbic structures has been proposed as an early
abnormality associated with AD (Mosconi et al., 2009, Lowe ef al., 2014). In addition, the fact
that this brain circuit is affected by tangles or plaques (Kuhl et al., 1984, Moeller et al., 1996),
rather than by the normal aging process (Braak and Braak, 1991, Delacourte ef al., 1999, Thal et
al., 2002), further supports the notion that cognitive normal subjects with these baseline
biomarker signatures are on the AD pathway. Interestingly, in contrast with ['*F]florbetapir, CSF
AP levels failed in modeling imminent metabolic decline in our population, which is in line with
previous observation showing that Ap PET better depicts metabolic decline as compared to CSF
AP in this preclinical AD population (Pascoal ef al., 2016). Although CSF AP well-represents the
disease status, brain fibrillar AP deposition seems to be better associated with imminent disease

progression (Mattsson et al., 2015, Pascoal et al., 2016).

Declines in ['*F]JFDG as a function of the hallmark AD proteins were best described by a
sigmoidal rather than a linear association. This pattern of relationship is consistent with the most
accepted models of AD progression(Jack ef al., 2013), which assume “ceiling effects” of amyloid-
B and tau. Therefore, our results further emphasize that this “ceiling effect” should be considered
in studies testing the relationship between these proteinopathies and downstream
neurodegeneration. For example, studies using linear functions for testing the association between
proteins and brain hypometabolism in AD patients might not find any correlation(Furst et al.,
2012), since it is likely that most of demented patients have already reached the plateau of the

relationship.

Methodological aspects limit the external validity of the present results. Our population is
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composed of self-selected individuals and might not represent the general elderly cognitively
normal population. Therefore, it would be highly desirable to replicate our results in a larger
population-based study. However, it is important to mention that the use of a conservative
multiple comparison correction thresholds at 0.001 helped to avoid false positives results in our
analysis. It is also important to emphasize that change in cognition is always the most desirable
outcome for a therapeutic clinical trial aiming to mitigate AD progression. However, due to the
methodological limitations for the use of cognition in preclinical AD and the advance of in vivo
biomarkers, the increase of our understanding regarding to the use of brain imaging as surrogate is
the paramount importance. Importantly, preclinical AD individuals in this study are referred to as
those with normal cognition but AP and tau abnormalities rather than those who will certainly
develop dementia over time. The 2-year follow-up is not sufficient to derive definite conclusions
regarding the clinical progression from cognitively normal to dementia. Partial volume correction
did not translate into differences in our final results; therefore, we presented the PET data without
corrections for volume effects. Biomarker thresholds are invariably subject to idiosyncrasies and
as such might change slightly depending on the analytical method. However, according to our
results, it is expected that biomarker levels predictive of rapid metabolic decline would be at least
1 SD higher than the threshold for the presence of brain pathology in an elderly cognitively
normal population. Notably, it is expected that the thresholds associated with imminent disease
progression will be invariably higher than the ones used to determine an abnormal biomarker
status. It is important to mention that the use of a hypothetical drug effect of 25% used in our
analysis was same as the one used in previous AD literature (Fox et al., 2000, Leung et al., 2010,
Holland et al., 2012, Grill et al., 2013). Although study enrichment with two biomarker modalities
might potentially have a high economical cost, it is important to emphasize that an increasingly

large number of observational studies performing multiple biomarkers for AP and tau have
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already been proposed to serve as a screening tool to select individuals for therapeutic trials.
Despite the lack of current effective disease-modify therapy available for AD, the promising
recent results of anti-Af drugs such as Aducanumab suggest the need for sensitive frameworks to

detect disease progression in the near future.

To conclude, our results highlight that A and tau biomarker thresholds associated with imminent
neurodegeneration are higher than their respective thresholds for abnormality. In addition, the
determination of these thresholds may provide complementary information for selecting

preclinical AD individuals that most likely will pathophysiologically progress over time frames

compatible with clinical trials.
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3.7 Tables and Figures

Table 3-1. Demographics and key characteristics of the population across biomaker groups.

Characteristic Biomarkers Atrisk for Preclinical Preclinical P value
negative AD AD bellow  AD above
thresholds  thresholds
No. (n) 24 63 16 17
Age, 75.1(74)  73.9(6.1)  749(62)  78.6(5.1) 0.37
mean (years) (SD) B R R T ’
Male, No. (%) 14 (58) 35(55) 7 (44) 7 (42) 0.3
Education,
mean (years) (SD) 17.7 (2.5) 16.3 (2.9) 15.6 (2.4) 16.7 (2.5) 0.6
MMSE baseline,
mean (SD) 29.1 (1.4) 29.2(0.96)  28.9(0.97) 29 (0.92) 0.81
MMSE follow-up,
mean (SD) 29 (1.6) 29 (1.1) 28.4 (1.9) 28.6 (1.3) 0.27
APOE &4 carriage,
no. (%) 1(4) 17 (27) 6 (38) 6 (35) 0.06
P-tau, 9.3 (2.9) 35.8(14.8)°  36.5(8.9)° 56.4(15.8)" <0.001
mean (pg/ml) (SD) T ’ ’ ' ' ' ) ’
['*F]Florbetapir, 1 (0.03) 1.12(1)°  1.25(0.08)° 1.35(0.07)° <0.001
mean (SUVR) (SD)
Follow-up, 24.3 (0.98) 23.8(0.9) 24.1 (1.8) 24 (0.7) 0.53
mean (months) (SD)
Diagnostic at follow-up visit, no. (%)
Cognitively normal,
No. (%) 22 (91) 55 (87.5) 14 (88) 12 (71) —
MCI, No. (%) 209) 7(11) 2 (12) 5(29) 0.2
Dementia, No. (%) 0 1(1.5) 0 0 —

P values indicate the values assessed with analyses of variance (ANCOVA) for each variable
except gender, APOE ¢4, and diagnostic at follow-up, where a chi-square test was performed.
Post-hoc analysis provided significant differences from the biomarkers negative group. AD =

85

www.manaraa.com



Alzheimer’s disease; MCI = mild cognitive impairment; MMSE = mini-mental state examination;
p-tau = phosphorylated tau; SD = standard deviation; SUVR = standardized uptake value ratio.

Figure 3-1. AP and tau thresholds associated with imminent metabolic decline are higher
than their standard thresholds for biomarker abnormality.
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Curves represent changes in ['*FJFDG uptake over 2 years within anatomically segregated
clusters as a function of baseline ['*F]florbetapir SUVR and CSF p-tau thresholds. (A) As a
function of ['*F]florbetapir thresholds, ['*F]JFDG decline fitted a sigmoidal-shaped curve in the
mediobasal temporal (R*=0.98), orbitofrontal (R*=0.97), and anterior (R*=0.97) and posterior
cingulate (R*= 0.97) cortices. (B) In the average clusters, the inflexion point of ['*F]JFDG decline
was at ['*F]florbetapir SUVR of 1.228 (R*= 0.98; 95% CI 1.205 — 1.253). (C) As a function of
CSF p-tau thresholds, ["*F]JFDG decline fitted a sigmoidal-shaped curve in the mesiobasal
temporal (R’=0.97), orbitofrontal (R=0.96), and anterior (R’=0.98) and posterior cingulate
(R?=0.94) cortices. (D) The inflexion point of the sigmoidal curve in the averaged clusters was a
CSF p-tau of 45 pg/ml (95% CI 43.72 — 47.9). Notably, clusters in the precuneus or occipital lobe
did not have any linear or sigmoidal association with biomarker thresholds. In the curves, a
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corresponds to the lower asymptote, b corresponds the total change in A['*F]JFDG, while c is the
A["*F]FDG at the inflexion point of the curve.

Figure 3-2. Preclinical AD groups defined with progressively higher Ap and tau thresholds,
with both biomarker levels greater than the ones of imminent metabolic decline, had

progressively higher rates of ['"*F[FDG hypometabolism.

2-year decline FDG (%)

lorpay. 1.2
Ctapir SUVRT 1.3
q

The dots in the 3D plot represent the mean of metabolic decline in clusters over 2 years in AP

positive plus p-tau positive groups segregated by using all possible combinations (n=14,400) of
threshold values for ['*F]florbetapir SUVR and CSF p-tau. The groups, segregated using both

biomarker thresholds lower than the standard values (green), only one biomarker threshold higher
than the standard thresholds (yellow), or both biomarker thresholds higher than the standard
values with at least one lower than the thresholds (blue) of imminent metabolic decline did not
have a significant 2-year decline in ['*F]FDG uptake. On the other hand, AP positive plus p-tau
positive groups segregated by using both thresholds equal to or higher than the proposed
thresholds showed progressively higher rates of metabolic decline with the progressive increase of

the biomarker threshold values (red).
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Figure 3-3. Preclinical AD individuals segregated using the optimized AP and tau thresholds
drove the rate of 2-year AD-related metabolic decline in the cognitively normal population.
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ANCOVA confirmed that preclinical AD individuals defined with the combination of optimized
thresholds for ['*F]florbetapir (SUVR>1.23) and p-tau (>45 pg/ml) biomarkers (n=17, red) drove
the 2-year rate of ['°F]JFDG uptake decline in the mediobasal temporal, orbitofrontal, and
cingulate cortices in our cognitively normal population. It is important to emphasise that
preclinical AD individuals with at least one of the biomarkers below the aforementioned
thresholds (n=16, blue) had declines in ["*F]JFDG not different from biomarkers negative (n=24,
green) and at risk for AD (n=63, yellow) groups. The analyses were adjusted for age, gender,
APOE &4 carriage status, and Bonferroni corrected at a significance level of 0.05.

88

www.manaraa.com



Figure 3-4. Voxel-wise power analysis confirmed that preclinical AD defined with the
thresholds predictive of imminent metabolic decline offers a robust framework with a high
statistical power for the population enrichment of clinical trials using regional A['*F|FDG as
a surrogate variable.

Sample size by study arm
50 HE—— . > 1000

Biomarkers negative At risk for AD Precli|_1ical AD at least Pr_eclinical AD both
one biomarker below biomarkers above
thresholds thresholds

The parametric maps represent the voxel-wise sample size calculation, overlaid in a structural
MRI scan, in the regions with a significant decline in [*F]JFDG uptake in each biomarker group
after the multiple comparison correction (false discovery rate at P < 0.001). The maps confirmed
that individuals with both biomarkers above the threshold of imminent metabolic decline provided
the best framework to test a 25% drug effect on changes in ['*F]JFDG, requiring a sample as small
as 50 individuals per trial arm in large clusters in mediobasal temporal, cingulate, and
orbitofrontal cortices.
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3.9

Supplementary Material

Supplementary Table 1. ['"*FIFDG uptake decline as a function of baseline [18F]florbetapir
SUVR and CSF p-tau thresholds best fitted a sigmoidal function in AD-related regions.

['*F]Florbetapir SUVR

Probability of 2

18 o, R
A['*FIFDG correctness (%) AIC  Pvalue

Linear Sigmoid Linear Sigmoid
Mediobasal 343 9657 085 098 1183 <0.001
temporal
Orbitofrontal 0.02 99.98 0.77 0.97 17.11  <0.001
Anterior Cingulate  28.32 71.68 0.62 0.97 1.857  <0.001
Posterior Cingulate  3.87 96.13 0.83 0.94 6.432  <0.001
CSF p-tau

Probability of 2

18 o, R
A['*FIFDG correctness (%) AIC  Pvalue

Linear Sigmoid Linear Sigmoid
Mediobasal 226 9774 089 097 7531  <0.001
temporal

Orbitofrontal 2 98 0.86 0.96 7.885  <0.001
Anterior Cingulate 0.6 99.4 0.87 0.98 23 <0.001
Posterior Cingulate 3.8 96.2 0.77 0.94 5.15 <0.001

Sigmoidal model was the better fit for mediobasal temporal, orbitofrontal, anterior and posterior
cingulate cortices when compared with the linear analyses. No linear or sigmoidal functions
significantly fitted in the precuneus and occipital cortices. AIC=Akaike information criterion;

CSF=cerebrospinal

fluid,

FDG=fluorodeoxyglucose,

SUVR=standardized uptake value ratio.

p-tau=phosphorylated

tau,
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Supplementary table 2. Required sample sizes per arm for a 2-year clinical trial using
changes in ['"*FJFDG SUVR uptake in averaged regions-of-interest as a surrogate variable.

Mediobasal Orbito- Posterior Anterior

Enrichment strategy temporal frontal cingulate cingulate G:obal
None 738 987 2300 7330 decl:\lli(;e
Ap+ 567 1162 1739 4150 d;\lli(;e
P-tau+ 605 761 1728 5965 d;l:\lli(;e
Ap+/ p-tau+ 416 724 1356 2232 d;\lli(;e
éll})—;/vl:ttl?ll‘le—;holds) 87 > >t o o

ApB=amyloid-f, FDG=fluorodeoxyglucose, p-tau=phosphorylated tau, SUVR=standardized uptake
value ratio. * No decline in mean [ "F]FDG uptake over 2 years follow-up.
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4.1 Preface

In the two previous chapters, we assessed the synergy between amyloid-f and tau as a
determinant of pathophysiological changes in CN individuals. A remaining question, however, is
whether this synergy is a key element of the patients’ progression to dementia. This is
particularly important because it links amyloid-p to dementia symptoms through its synergy with
tau, which challenges current models of AD progression suggesting that amyloid-f is not directly
related to cognitive decline. Thus, in Chapter 4, we tested whether the synergy between amyloid-

B and tau is also associated with the clinical progression from MCI to dementia.

4.2 Abstract

Introduction: Recent literature proposes that amyloid-f and phosphorylated tau (p-tau)
synergism accelerates biomarker abnormalities in controls. Yet, it remains to be answered

whether this synergism is the driving force behind Alzheimer’s disease (AD) dementia.

Methods: We stratified 314 mild cognitive impairment individuals using ['°F]florbetapir
positron emission tomography amyloid-f3 imaging and cerebrospinal fluid p-tau. Regression and
voxel-based logistic regression models with interaction terms evaluated 2-year changes in

cognition and clinical status as a function of baseline biomarkers.

Results: We found that the synergism between ['°F]florbetapir and p-tau, rather than their
additive effects, was associated with the cognitive decline and progression to AD. Furthermore,
voxel-based analysis revealed that temporal and inferior parietal were the regions where the

synergism determined an increased likelihood of developing AD.
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Discussion: Together, the present results support that progression to AD dementia is driven by

the synergistic rather than a mere additive effect between amyloid-p and p-tau proteins.

4.3 Introduction

Alzheimer’s disease (AD) is characterized by the progressive accumulation of extracellular
amyloid-B (AP) plaques, intracellular inclusions of hyperphosphorylated tau in tangles and
neuronal degeneration(Jack et al., 2013). The most widely accepted model of AD progression
proposes a cascade of neuropathological events in which abnormal levels of A, neurofibrillary
tangles and neurodegeneration precede dementia(Jack et al, 2013). The idea of
pathophysiological progression was incorporated by the National Institute on Aging and the
Alzheimer’s Association criterion for predementia phase of AD, which recognizes that the
coexistence of abnormal AP and neurodegeneration biomarkers better identify mild cognitive
impairment (MCI) patients who will progress to dementia (Albert ef al., 2011). This notion has
been supported by recent observations demonstrating that MCI Af+ individuals with
neurodegenerative changes, measured by brain hypometabolism or atrophy, have higher rates of
neuropsychological decline as compared with MCI biomarker negative participants (Petersen et
al., 2013, Caroli et al., 2015, Wisse et al., 2015). Yet, a key question that remains unanswered is
whether the highest rate of progression to dementia in MCI AP+ individuals with downstream
cascade abnormalities, are due to a synergistic effect between the coexistent brain pathologies or
simply the sum of their deleterious effects. This question is particularly important in the context
of the two hallmark proteinopathies underlying AD (Selkoe, 2005). Whereas Ap and
phosphorylated tau (p-tau) proteins well characterize AD pathophysiology, brain

hypometabolism or atrophy may be found in several other brain disorders associated with
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neuronal loss (Albert et al., 2011, Blennow and Zetterberg, 2015).

Given the emphasis of the current literature on the combination of Af and neuronal degeneration
biomarkers (Petersen et al., 2013, Caroli et al., 2015, Knopman et al., 2015, Wisse et al., 2015),
the clinical fate of MCI patients with abnormal AP plus p-tau proteins is scarcely known. The
importance of characterizing the synergistic effect between AP and p-tau on the development of
dementia goes beyond the understanding of the mechanisms of disease progression.
Determination of such synergism has immediate implications for the population enrichment of
clinical trials testing anti-amyloid or anti-tau therapy. For example, if AP and p-tau
synergistically determine dementia, the enrichment of clinical trial populations with carriers of
both pathologies would increase the rate of clinical progression without loss of therapeutic
effectiveness. Conversely, if AR and p-tau simply add their deleterious effects on cognitive
decline, carriers of both pathologies would lead to a reduced therapeutic effectiveness of an
intervention targeting only one of these proteinopathies, given the residual effect of the untreated

protein on the clinical course of the disease.

Although several studies have shown that AP and p-tau independently predict disease
progression (Buerger et al., 2005, Ossenkoppele et al., 2014), a hypothetical framework
proposes that both proteinopathies synergistically potentiate downstream neurodegeneration
(Duyckaerts, 2011). The presence of such a synergism would suggest that the effect of A and p-
tau on the progression of AD taken together is greater than the sum of their separate effects at the
same level. In fact, recent findings from our laboratory support this framework showing that the

synergistic effect between brain AP and p-tau rather than neurodegeneration drives AD related
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metabolic decline in a cognitively normal population (Pascoal ef al., 2016). Similarly, in vivo
studies conducted in controls have suggested that p-tau modulates the link between A and brain
atrophy or behavioural changes (Desikan et al., 2012, Fortea et al., 2014, Sperling et al., 2014),
while animal model literature has demonstrated a synergistic effect between AP and p-tau

peptides, leading to downstream synaptic and neuronal dysfunctions(Ittner and Gotz, 2011)

Here, in a longitudinal analysis conducted in amnestic MCI individuals, we tested the hypothesis
that the synergism between AP aggregation and tau hyperphosphorylation determines

progression from amnestic MCI to AD dementia.

4.4 Materials and Methods

Database description and study participants

Data used in the preparation of this article were obtained from the Alzheimer’s disease
Neuroimaging Initiative (ADNI) database. ADNI was launched in 2003 as a public-private
partnership, led by Principal Investigator Michael W. Weiner, MD. The primary goal of ADNI
has been to test whether serial magnetic resonance imaging (MRI), positron emission
tomography (PET), cerebrospinal fluid (CSF), and clinical assessment can be combined to

measure the progression of MCI and early AD.

For the present study, we selected 314 ADNI-GO/2 participants meeting the criteria for single-
domain or multi-domain amnestic MCI, who underwent lumbar puncture and ['°F]florbetapir
PET imaging at baseline as well as neuropsychological assessments at both baseline and at a 2-

year follow-up. The eligibility criteria for selecting MCI were participants who had a mini-
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mental state examination (MMSE) score equal to or greater than 24, a clinical dementia rating of
0.5, subjective and objective memory loss, and absence of other neuropsychiatric disorders
(Petersen, 2003). (Further information about the inclusion/exclusion criteria may be found at

www.adni-info.org[accessed September 2016].)

CSF analyses

The multiplex xXMAP Luminex platform (Luminex Corp, Austin, TX) was used to quantify p-tau
at threonine 181 using INNO-BIA AlzBio3 immunoassay kit-based reagents (Innogenetics,
Ghent, Belgium). All of the CSF p-tau data used in this study were obtained from the ADNI files
‘UPENNBIOMKS5-8.csv’. The data were statistically rescaled based on the baseline assay
analysis that was used to define the CSF p-tau threshold (Olsson et al., 2005). We considered a
subject positive for tau hyperphosphorylation if the CSF p-tau value was above the ADNI
published threshold (>23pg/ml) (Shaw et al., 2009, Toledo et al., 2013) (Further details can be

found at www.adni-info.org[accessed September 2016].)

MRI/PET methods

The schematic representation of the image analysis methods is presented in Figure 4-1. The
['*F]florbetapir standardized uptake value ratio (SUVR) was obtained using the cerebellum grey
matter and global white matter as reference regions. A global ['*F]florbetapir standardized
uptake value ratio (SUVR) standardized uptake value ratio value for each subject was estimated
by averaging the precuneus, prefrontal, orbitofrontal, parietal, temporal, anterior, and posterior
cingulate cortices. The cutoff value was established based on the 10th percentile of the

[18F]florbetapir SUVR distribution of the ADNI AD population (n = 90), which corresponds to
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90% sensitivity for a diagnosis of AD. This approach was based on previous publications that
performed similar types of analyses in individuals segregated by AP and neurodegeneration
biomarkers (Petersen et al., 2013, Caroli et al., 2015, Wisse et al., 2015). Using this approach,
individuals were considered positive for AP deposition if ['*F]florbetapir SUVR>1.12. Finally,
grey matter density was computed at every voxel using voxel-based morphometry (Details about

ADNI image acquisitions may be found at www.adni-info.org[accessed September 2016].)

Cognitive measurements

The Logical Memory subtest of the Wechsler Memory Scale was used to assess immediate recall
memory (LMI) and 30 min delayed recall memory (LM30). Psychomotor speed processing was
assessed with the Trail Making Test part A (TMT-A). The performance of participants on the
Trail Making Test part B (TMT-B) was assessed to examine executive function. Category
Fluency animals was used to evaluate language. To assess the global cognitive performance, we
used MMSE and Alzheimer’s disease Assessment Scale-Cognitive Subscale (ADAS-Cog)

scores. For TMT-A and B tests, and ADAS-Cog higher scores indicate poorer performance

(Details about tests acquisition may be found at www.adni-info.org[accessed September 2016].)

Biomarker-based stratification of participants

For analysis purposes, we divided the 314 MCI participants into four biomarker groups using the
above described ['*F]florbetapir and p-tau thresholds. At baseline, out of 314 individuals, 47
(15%) were biomarker negative (Ap—/p-tau—), 37 (12%) had only abnormal ['*F]florbetapir
(AB+/p-tau—), 62 (20%) had only abnormal p-tau (AP—/p-taut), and 168 (53%) showed

abnormal ['*F]florbetapir and p-tau (Ap+/p-taut).
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Statistical methods
The statistical analyses were performed using the R Statistical Software Package version 3.1.2

with RMINC library (http://www.r-project.org/;accessed September 2016). Neuropsychological

test scores (NPS) were analysed using z-scores anchored in normative data obtained from the
ADNI cognitively normal controls (n = 162). Controls had a MMSE of 24 or greater, a CDR of
0, had no neuropsychiatric diagnosis including MCI and dementia, and performed the same
protocols for data collection as the studied MCI population. All analyses involving
neuropsychological measurements were repeated for each of the seven neuropsychological tests
at baseline as well as for longitudinal changes between baseline and follow-up, where cognitive

progression was measured using the difference between z-scores.

Analysis of covariance (ANCOVA) was performed to test for significant differences between
groups (coded as a factor with four levels) on neuropsychological functions. P values were
corrected for multiple comparisons using Bonferroni, and a significance level of 0.05 was used

to interpret the results. Post-hoc analysis provided significant differences between groups.

In order to evaluate the synergistic effect between AP and p-tau on neuropsychological changes,
ANCOVA models were fitted using both biomarkers as main effects as well as an interaction

term between biomarkers.

ANPS = By, + By(florbetapir status) + B, (ptau status) + B; (florbetapir status *

ptau status) + covariates + error
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To evaluate if AR and p-tau values predict cognitive changes across biomarker groups, a
stratified linear regression analysis was performed in each of the four biomarker groups using
change in test as the outcome and biomarker levels as the main covariate. Another model was
fitted to evaluate if the effect of biomarker levels on cognitive changes differed significantly
between the biomarker groups by adding in the model a main effect for biomarker groups, as

well as an interaction term between biomarker groups and biomarker levels.

ANPS = By + Bi(florbetapir SUVR or ptau continuous) + (3,(biomarker groups) +

B3 (florbetapir SUVR or ptau continuous * biomarker groups) + covariates + error

Subsequently, to characterize the effects of abnormal AP and p-tau status on the clinical
progression to dementia, a logistic regression analysis was performed using progression as the

outcome, biomarker status as the two main effects, and an interaction term between biomarkers.

Voxel-based logistic regression analysis

Furthermore, in order to identify the brain regions susceptible to the synergism between AP and
p-tau, a voxel-based logistic regression model was built to test the interactive and main effects
between CSF p-tau status and ['°F]florbetapir SUVR at every brain voxel on the likelihood of
developing dementia (Mathotaarachchi et al., 2016), assuming the probability of progression as

p, (progression = 1).
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log (fﬁ) = Bo + PBi(florbetapir SUVR) + B, (ptau status) + B;(florbetapir SUVR *

ptau status) + covariates + error

The voxel-based statistical parametric maps were corrected for multiple testing. Statistical
significance was defined using a Random Field Theory at a threshold of P < 0.001(Worsley,
2003). We further adjusted the voxel-based model for the grey matter density at every voxel in

order to correct our results for grey matter atrophy effects(Mathotaarachchi et al., 2016).

All analyses were adjusted for age, gender, years of formal education, APOE ¢4 status and
baseline neuropsychological scores (only for models involving longitudinal changes), varying

intervals between cognitive assessments were also considered in the models.

4.5 Results

Demographics and key population characteristics are summarized in Table 4-1. The biomarker
groups did not differ in age, gender, or years of education. The proportion of APOE ¢4 carriers

was higher in AB+/p-taut (63%) than in the other three groups (24%)(P < 0.001).

Synergistic effect between A and p-tau predicts the rate of cognitive decline in MCI individuals

ANCOVA models revealed that the AB+/p-taut+ group had the worst baseline score and the
highest rate of decline in most of the neuropsychological tests when compared with all other
biomarker groups (Fig. 4-2). Interestingly, the baseline and longitudinal cognitive performances
of the AB+/p-tau— and AB—/p-tau+ groups were similar to those of the biomarker negative group

(Fig. 4-2). Notably, our regression models confirmed that the synergistic interaction, rather than
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the sum of individual contributions of AP+ and p-tau+ status, determined worse baseline
performance or higher rate of impairment over time on the MMSE, ADAS-Cog, LMI, LM30,

and TMT-B for the AB+/p-tau+ group (P < 0.05).

AP and p-tau values predict cognitive decline only among MCI Af+/p-tau+ individuals

Stratified regression analysis revealed that high ['*F]florbetapir SUVR values predicted poorer
longitudinal performance in all neuropsychological tests in Ap+/p-taut+ group (Table 4-2). By
contrast, ['*F]florbetapir SUVR values did not predict longitudinal changes on any of the tests in
biomarker negative, AB+/p-tau— and AP—/p-taut+ groups, or in models evaluating these three
groups together. Interaction models between ['*F]florbetapir SUVR values and biomarker groups
confirmed that the prediction slope of ['*F]florbetapir SUVR was significantly higher in Ap+/p-
taut+ as compared to the other biomarker groups in all neuropsychological tests (MMSE, P =
0.002; ADAS-Cog, P=0.001; LMI, P = 0.04; LM30, P <0.0001; TMT-A, P =0.03; TMT-B, P

= 0.04; Category Fluency, P =0.03).

Stratified regression analysis revealed that high CSF p-tau continuous values predicted worse
scores in MMSE, ADAS-Cog, LMI and LM30 only in the AP+/p-tau+ group (Table 4-2).
Interaction models between CSF p-tau values and the biomarker groups showed that the effects
of CSF p-tau values in predicting declines in LMI and LM30 were significantly higher in Ap+/p-

tau+ when compared with other biomarker groups (P < 0.01).

Synergistic effect between A and p-tau predicts progression from MCI to AD

Although AP+ and p-taut status independently predicted dementia (P < 0.05), a significant
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interaction term with no significant main effects between A and p-tau status on progression to
dementia revealed that AP+/p-tau+ individuals showed a rate of progression greater than the sum

of the independent contributions of AR+ and p-tau+ (P < 0.05).

Further, a multivariate logistic regression revealed that the presence of AP+/p-tau+ was the
strongest factor associated with developing dementia with a 14.1-fold (95% CI 5.7-38, P <
0.0001) increase in likelihood of progression. APOE ¢4 status (OR = 5.7, 95% CI 3.1-12, P <
0.0001) also predicted likely progression to dementia. Furthermore, ['*F]florbetapir SUVR
values (OR = 2.0, 95% CI 1.31-3.1, P =0.001) and CSF p-tau values (OR = 1.47, 95% CI 1.14-

1.96, P = 0.004) predicted dementia exclusively in Af+/p-taut+ group.

The overall progression rate to probable AD dementia of this study was 19% over 2 years.
Among AB—/p-tau—, AB+/p-tau—, AB—/p-tau+, and AB+/p-tau+ participants, the progression rate
was 4%, 3%, 3%, and 32%, respectively (Fig. 4-3). Out of 59 participants who converted to

dementia, 54 (92%) were AP+/p-tau+ at baseline.

Synergistic effect between Af and p-tau in temporoparietal regions predicts progression from
MCI to AD

Voxel-based logistic regression analysis revealed that lateral and basal temporal and inferior
parietal cortices are the brain regions where the synergistic effect between ['*F]florbetapir SUVR
and CSF p-tau determined the increased likelihood of progression from amnestic MCI to AD

dementia over a 2-year period (Fig. 4-4).
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4.6 Discussion

In this study, we found that amnestic MCI AB+/p-tau+ individuals had the highest rate of
cognitive decline and progression to dementia, as compared to all other biomarker groups.
Remarkably, our regression models confirmed that a synergistic rather than additive effect
between AP and p-tau determined greater cognitive decline and clinical progression in amnestic
MCI AB+/p-taut. Furthermore, we found that only among amnestic MCI AB+/p-tau+ individuals
did the baseline values of AP and p-tau biomarkers predict cognitive and clinical impairments.
Finally, a voxel-based analysis revealed that the temporal and inferior parietal cortices were the

brain regions vulnerable to the synergism between A and p-tau peptides.

Overall, our results suggest the synergism between AP and p-tau as an important element
involved in the progression from amnestic MCI to AD dementia. This finding extends previous
studies conducted in cognitively normal persons demonstrating that the synergism between Af}
and p-tau determines functional and structural abnormalities(Desikan et al., 2012, Fortea et al.,
2014, Sperling et al., 2014, Pascoal ef al., 2016). Interestingly, the temporal and inferior parietal
cortices described here as the structural substrates in which the AP and p-tau synergistic effect
conferred an increased likelihood of clinical progression, are well known as vulnerable brain
regions in patients who progressed from MCI to dementia(Schroeter et al., 2009). Indeed, the
synergistic effect between AP and p-tau reported here is well supported by molecular studies
describing synaptic and neuronal damages as consequences of the synergistic interactions

between AP and tau peptides (Vossel et al., 2010, Ittner and Gotz, 2011, Vossel et al., 2015).

This study revealed that the link between A levels and progression to AD dementia depends on
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the p-tau status. This finding sheds light on the literature showing conflicting results reporting
the association between AP and cognition. Although the majority of studies describe a modest
association in early disease stages (Edison ef al., 2007, Villemagne et al., 2011, Chetelat et al.,
2012, Landau et al., 2012, Kemppainen et al., 2014), others suggest that AP levels strongly
predict cognitive decline in populations with a high probability to present p-tau abnormalities
(Desikan et al., 2012, Ossenkoppele et al., 2014). Interestingly, Af levels fail to predict time-to-
progression to dementia in MCI AP+ individuals with evidences of brain hypometabolism or
atrophy (Caroli et al., 2015). One might claim that Af levels represent an important predictor of

forthcoming dementia, particularly in predementia persons with p-tau abnormalities (Albert et

al., 2011).

Suspected non-Alzheimer disease pathophysiology (SNAP) has emerged as an important concept
referring to patients showing a biomarker signature of neurodegeneration without AP
abnormalities (Jack et al., 2016). As the concept of SNAP arises in our study as the group of
MCI AB—/p-tau+ individuals (Jack et al., 2016), we would like to comment on the clinical
progression of this population. Previous studies have demonstrated that in SNAP MCI,
characterized by the presence of neuronal degeneration evidenced by brain hypometabolism or
atrophy, the rate of cognitive decline is higher than in MCI individuals who are biomarker
negative and comparable to MCI carriers of AP plus neurodegeneration (Petersen et al., 2013,
Caroli et al., 2015, Wisse et al., 2015). In contrast, we demonstrate here that SNAP MCI AB—/p-
taut+ subjects clinically progress at a rate similar to that of MCI subjects who are biomarker
negative. This reduced rate of progression of our SNAP MCI AB—/p-taut population may be

explained by the fact that CSF p-tau reflects neurofibrillary tangles pathology rather than
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neuronal degeneration (Blennow and Zetterberg, 2015). Importantly, the clinical stability of MCI
APB—/p-taut participants supports the synergism between AP and p-tau pathologies as a key
element triggering AD dementia (Duyckaerts, 2011, Sperling ef al., 2014). The reduced rate of
clinical progression of our SNAP MCI AB—/p-taut+ group as compared to that observed in
previous studies may be due to the presence of a significant proportion of MCI individuals who
are in the early clinical stages of MCI in the ADNI-GO/2 cohort (Aisen et al., 2010, Beckett et
al., 2015). This is consistent with studies on cognitively normal individuals showing that SNAP
progresses at a rate similar to that of biomarker negative subjects (Jack et al., 2012, Vos et al.,
2013). Furthermore, it is possible that the cognitive decline observed in SNAP MCI in previous
studies, defined by less specific biomarkers for AD such as brain hypometabolism or atrophy,
was driven by other pathophysiological processes such as TDP-43, alpha-synuclein inclusions,
and hippocampal sclerosis (Nelson et al., 2011, Ishii, 2014). Together, these results support that
SNAP MCI individuals characterized by the presence of p-tau pathology, different from those
with SNAP MCI defined by neuronal degeneration biomarkers, clinically progress at rates

comparable to those seen in MCI biomarker negative individuals.

This study has some methodological limitations. Biomarkers provide naturally continuous
measurements; therefore, thresholds are invariably subject to conceptual and analytical
idiosyncrasies and may change depending on the method of analysis utilized. However, the use
of regression models with continuous biomarker values helped prevent our results from being
driven by the use of more liberal or more conservative biomarker threshold. Additionally, we
assessed the synergy between AP and p-tau across all brain voxels. To the best of our

knowledge, this is the first study conducting a voxel-based logistic regression analysis to
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evaluate progression to dementia using A PET imaging. Importantly, our results showing the
synergism between amyloid-B and p-tau leading to downstream clinical progression do not
exclude the possibility that these two proteinopathies might arise sequentially (e.g. amyloid-8
triggering the spreading of tau over the neocortex early on in the pathophysiological progression
(Sperling et al., 2014)). Certainly, cell cultures and in vivo studies with long-term imaging of
amyloid-f and p-tau in animal models and in humans could better investigate causal and
temporal relationships between these proteins. It is also important to mention that the
observations reported here do not to prove a biological synergy between AP and p-tau proteins.
Our overall progression rate to dementia was 19% over 2 years. Previous studies conducted in
memory clinic cohorts have reported progression rate in MCI of up to 59% over 2 years
(Koivunen et al., 2011). This might be explained by the fact that the ADNI-GO/2 inclusion
criteria include MCI individuals in a less advanced disease stage as compared to these
cohorts(Beckett ef al., 2015). In fact, our findings are similar to a recent study involving MCI
ADNI-GO/2 participants that reported an overall progression rate of 15% over 1.6 years
(Schreiber ef al., 2015). Finally, regarding the population included in this analysis, it is important
to emphasize that it represents a select group of amnestic MCI persons motivated to participate
in a dementia study. As such, for reasons related to the study inclusion criteria and self-selection
bias(Spix et al., 2015), these individuals may not represent the general MCI population.

Therefore, it would be highly desirable to replicate our findings on a population-based cohort.

From a clinical perspective, if replicated, such a synergism has important implications in
understanding the dynamics of progression to dementia. For example, the clinical stability of

nondemented persons with biomarker abnormalities described in numerous cohorts (Braak and
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Braak, 1991, Morris and Price, 2001), could be explained by the absence of convergence of the
AP and p-tau pathways, postulated here to be crucial for imminent clinical progression in
amnestic MCIL. In addition, the combination of abnormal amyloid-PET and CSF p-tau
biomarkers may represent a valuable strategy for the enrichment of amnestic MCI populations
with individuals having a high probability of developing AD dementia in therapeutic clinical

trials targeting AP or tau aggregates.

From a therapeutic perspective, one can derive important predictions from the existence of a
synergistic interaction between AP and p-tau in AD. For example, one can predict that
therapeutic interventions targeting either AP or p-tau pathology might similarly mitigate AD
progression. Furthermore, the same synergistic model implies better effectiveness of a combined
therapeutic approach targeting both, AB and p-tau, pathological pathways. However, it is
important to mention that the synergism between pathological pathways might not always
translate into synergistic effects of multiple treatments. Importantly, this model should be
supported by further studies combining long-term sequential biomarker and clinical

observations.

In conclusion, our results support the synergism between AP and tau pathologies as a driving

force behind the clinical progression to AD dementia.
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4.7 Tables and Figures

Table 4-1. Demographics and key characteristics of the amnestic MCI population.

Characteristics AB—/p-tau— Ap+/p-tau—  Ap—/p-tau+ Ap+/p-tau+ P

No. 47 37 62 168

Age, y, mean (SD) 71 (7.6) 70.2 (7.2) 71 (8.1) 72.6 (7.1) 0.16
Male, no. (%) 31 (66) 17 (46) 33 (54) 87 (52) 0.34
APOE &4, no. (%) 9(19) 11 (30) 15 (24) 105 (63) *™  <0.0001
Education, y, 17.1 (2.2) 15.6 (2.4) 16.3 (2.7) 16.4 (2.6) 0.05
mean (SD)

['*F]Florbetapir, 1.07 (0.04) 1.18(0.07) 1.05 (0.05) 1.34 (0.11) ™ <0.0001
mean SUVR (SD) e

CSF p-tau, mean 18.5(3.9) 17.4 (4) 37 (12.8)*° 53.5(24.1) ™™ <0.0001
pg/ml (SD)

Diagnostic at

follow-up, no. (%)

CN 2 (4) 3 (8) 1) 6 (4) 0.45
MCI 43 (92) 33 (89) 59 (95) 108 (64) —
Dementia 2 (4) 1 (3) 2 (3) 54 (32) ™™ <0.0001

P values indicate the values assessed with analyses of variance for each variable except gender,
APOE ¢4, and diagnostic at follow-up, where a contingency chi-square was performed. Post-hoc
analysis provided significant differences between groups: * from AB—/p-tau—; ° from Ap+/p-tau—;
¢ from AB—/p-tau+. MCI = mild cognitive impairment; p-tau = phosphorylated tau; SUVR =
standardized uptake value ratio.

Table 4-2. Predictive biomarker effects on neuropsychological functions in amnestic MCI
participants according biomarker groups.

Tests Ap—/p-tau— Ap+/p-tau— AB—/p-tau+ Ap+/p-tau+
AB p-tau AP p-tau AP p-tau AB p-tau
MMSE 0.23 —0.34 -0.16 0.96 (1.26) 0.83(0.61) -0.5(0.3) -1.16 —0.36
(SE) (1.07) (0.95) (0.53) 025" (0.15)°
ADAS- 149  2(2.08) —0.04 1.87 (2.3) -0.39 0.82 0.99 0.52
cog (SE) (1.87) (0.97) (0.94) (0.42) (0.45)°  (0.26)"
LMI(SE) 2.5 —4.1(2.5)  0.3(0.98) —0.79 1.6(1.28) 0.1(0.67)  —1.39 —0.68
(2.24) (2.55) 0.32)"  (0.19)"
LM30 0.42 —6.9 (3) 2(1.19) -25(29) 1.7(1.37) —0.43 -1.30 —0.79
(SE) (2.77) (0.65) 039" (0.23)"
TMT-A  5.6(8.2) 42(92) -11.7(59) -89(14) -3.7(3.78) 1.5(1.88) 5.30(1.6)° 1.11
(SE) (1.04)
TMT-B 6.2 36 (23) ~11.45 ~17 (36) 18.33 -3.5(8.5)  16.62 4.95
(SE) (21.4) (15.5) (17.58) (5.9) (3.75)
Category  —3.33 —6.14 1.73(1.26)  —1.6 (3.08) —0.93 0.29 —2.25 —0.52
Fluency (2.2) (2.5) (1.57) (0.76) 0.48)"  (0.24)
(SE)
114

www.manaraa.com



The results are presented in change (slope-coefficient) of neuropsychological test score per
standard deviation of baseline biomarker. For the Alzheimer's Disease Assessment Scale-
Cognitive Subscale (ADAS-cog), Trail Making Test part A (TMT-A) and B (TMT-B) greater
values reflect worse cognition. The models were adjusted for age, gender, years of education,
APOE &4 status, baseline test score, and Bonferroni-corrected for multiple comparisons. It is
important to emphasise that ['*F]florbetapir and p-tau values did not significantly predict
longitudinal cognition in biomarker negative, AB+/p-tau— and AP—/p-tau+ individuals. LMI =
Logical Memory immediate recall; LM30 = Logical Memory 30 min delayed recall; MMSE =
mini-mental state examination; p-tau = phosphorylated tau. Significance at P < 0.05; " P <
0.001.

Figure 4-1. Schematic representation of the image analysis methods.

IS Amnestic MCI from ADNI database (n = 314)
g v, v,
§:- MRI ADNI protocol ['8F]Florbetapir ADNI protocol
v \%
Non-Uniformity correction and PET/ MRI automatic registration
skull stripping v
% Convolution with 8mm full width at half
- 2 Linear registration between T1 maximum
| 2 and MNI 152 \
§ \/ Linear and non-linear registration of
o Deformation fields >  ['®F]florbetapir t(_) MNI space (using T1
S pipeline)
© \%
£ \%
Classification: GM/WM/CSF
['8F]Florbetapir Uptake Ratio parametric
v/ _ . images (UR) using cerebellum GM and
MRI segmentation (brain ~ _| global WM as reference regions
regions)
2 % %
§ Voxel-based logistic regression between ['8F]Florbetapir SUVR, CSF
8 phosphorylated tau and clinical progression to dementia
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Figure 4-2. The amnestic MCI Ap+/p-tau+ individuals present the lowest baseline scores
and the highest rate of decline in most neuropsychological functions.
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The values are presented in z-scores anchored in normative data of a cognitively normal
population. In the box and whisker plots, the lower and upper boundaries show the 25th and 75th
percentiles, respectively, whereas the horizontal line shows the median. The dots represent mild
cognitive impairment (MCI) individuals less than the fifth or higher than the 95th percentile.
Bonferroni-corrected P values for multiple comparisons indicate the values assessed with
analyses of covariance adjusted for age, gender, years of education, APOE &4 status and baseline
neuropsychological test score for longitudinal analysis. Post-hoc multiple comparison analysis
provided significant differences between biomarker groups for each neuropsychological test at
*P <0.05 and **P < 0.001. (A) At baseline, the AB+/p-tau+ group presented the lowest baseline
scores in mini-mental state examination (MMSE), Alzheimer's Disease Assessment Scale-
Cognitive Subscale (ADAS-Cog), logical memory immediate recall (LMI) and 30 min delayed
recall (LM30). The AB+/p-tau+ group showed worse performance in the Trail Making Test part
B (TMT-B) than the AB—/p-tau— and AP—/p-tau+ groups. (B) The AB+/p-taut+ group presented
the highest longitudinal impairment in all neuropsychological tests except TMT-A and MMSE.
AB+/p-taut group showed higher decline in MMSE than AB—/p-tau— and AP—/p-tau+ groups.
Notably, AB—/p-tau—, AB+/p-tau—, and AP—/p-tau+ groups did not differ from each other in any
baseline or longitudinal cognitive performance.
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Figure 4-3. Ap+/p-tau+ individuals drove the rate of progression to dementia over 2 years
in the amnestic MCI population.

32+
284
24+
204
16+

12-

Progression to dementia over 2 years (%)

 AB-/ptau- AB+/p-tau- AB-/ptau+ AR+/p-tau+

117

www.manharaa.com




Figure 4-4. Synergistic effect between ['*F]florbetapir SUVR and CSF p-tau in temporal
and inferior parietal cortices predicts progression to dementia.

T-statistical parametric map, after correcting for multiple comparisons (Random Field Theory at
P < 0.001), overlaid in a structural magnetic resonance scan revealed that lateral and basal
temporal and inferior parietal cortices were the brain regions where the synergism between
['®F]florbetapir standardized uptake value ratio (SUVR) and cerebrospinal fluid (CSF)
phosphorylated tau (p-tau) status was associated with an increased likelihood of progression to
Alzheimer’s disease (AD) dementia over 2 years.
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5.1 Preface

In the previous chapters, we demonstrated the associations between amyloid-f and tau in the
progression of AD. These studies have shown that synergistic interactions between these
proteinopathies are associated with disease progression. However, current literature suggests an
association between fibrillar amyloid-f and neurodegeneration, even in the absence of tau
pathology (Tsai et al., 2004). Indeed, compelling evidence has indicated that patients on the AD
pathway show the coexistence of amyloid-f and metabolic dysfunction in the brain’s DMN
(Buckner et al., 2005, Sperling et al., 2009, Landau et al., 2012, Mosconi, 2013). These
observations support the notion that the deleterious effect of amyloid-f in this set of functionally
connected brain regions impose subsequent dysfunctions in AD (Buckner et al., 2005). At first
glance, this fits in the sequential model of disease progression in which amyloid-f triggers
overlapping DMN metabolic dysfunction, which subsequently leads to cognitive decline
(Buckner et al., 2005, Jack et al., 2013). However, high levels of amyloid-p aggregation in the
brain’s DMN of cognitively intact individuals refute the idea that the sole presence of amyloid-f3
in these regions is a sufficient condition to dementia (Morris and Price, 2001, Altmann et al.,
2015). Since the coexistence of amyloid-f and metabolic dysfunction in the brain's DMN is
highly associated with dementia but there is no clear regional correlation between these
processes (Furst et al., 2012, Altmann et al., 2015), it is plausible to understand that complex
interactions between amyloid-p and DMN metabolic dysfunction are implicated in AD
progression. Therefore, in Chapter 5, we extended previous chapters and tested how amyloid-f3
and neurodegeneration interact to determine disease progression, independently of tau pathology.
Specifically, we examined the association between amyloid-f and hypometabolism across the
AD clinical spectrum, correcting for each individual's tau pathological levels. Furthermore, to

ensure that the results of such associations were independent of tau, we tested these associations
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in a transgenic rat model that shows amyloid-f pathology but does not express any other human

brain proteinopathy, such as neurofibrillary tangles.

5.2 Abstract

The link between amyloid-f (AB), metabolism, and dementia symptoms remains a pressing
question in Alzheimer’s disease (AD). Using positron emission tomography with a novel
analytical framework, we found that AP aggregation within the brain’s default mode network
leads to regional hypometabolism in distant but functionally connected brain regions. Moreover,
we found that an interaction between this hypometabolism with overlapping AP aggregation is
associated with subsequent cognitive decline. Notably, we replicated these results in transgenic
AP rats that do not form neurofibrillary tangles, which support these findings as an independent
mechanism of cognitive deterioration. These results suggest a model in which distant AP induces
regional metabolic vulnerability, whereas the interaction between local AP with a vulnerable

environment drives the clinical progression of dementia.

5.3 Introduction

The relationship between regional cerebral amyloid-$ (Ap) aggregation and hypometabolism has
been a topic of significant debate in Alzheimer’s disease (AD). Whereas some studies suggest an
association (Engler et al., 2006, Edison et al., 2007, Lowe et al., 2014), others refute that these
pathological processes are directly related (Furst ef al., 2012, Altmann ef al., 2015). The lack of
association between these pathologies has been supported by studies showing the absence of
hypometabolism in some brain regions with high AP load as well as the presence of

hypometabolism in other areas with low AP concentrations (Edison et al., 2007, Li et al., 2008,
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Forster et al., 2012). Notably, the lack of association between regional AP and hypometabolism
contrasts with the idea of a direct deleterious effect of AP on disease progression as initially

proposed in the AP hypothesis (Morris and Price, 2001, Furst ef al., 2012).

One possible explanation that links AP with disease progression and integrates the
aforementioned conflicting observations is the idea that regional hypometabolism is caused by
the toxic effects of AP aggregation from distant rather than topographically overlapping brain
regions. Indeed, early observations using ['*F]fluorodeoxyglucose (['*F]JFDG) positron emission
tomography (PET) support this notion, by showing that brain damage may lead to
hypometabolism in remote, but metabolically connected cortical areas (Akiyama et al., 1989,
Nagasawa et al., 1994, Meguro et al., 1999). These results highlight the possibility of a direct
deleterious effect of AP on distant hypometabolism, which might be being overlooked by the

current biomarker studies.

Regardless of the presence of a regional correlation between AP and hypometabolism, it is well
established that the topographic coexistence of these pathologies in some brain regions such as
the posterior cingulate cortex constitutes a signature of forthcoming dementia symptoms
(Buckner et al., 2005, Sperling et al., 2009, Landau et al., 2012, Mosconi, 2013). Also, studies
have shown that either AP or hypometabolism may be the first abnormality in these regions (Jack
et al., 2013), and that cognitive changes may be potentiated by an interactive effect between
these processes (Mormino ef al., 2014). Together, these results indicate that although regional
AP may not be the cause of its overlapping hypometabolism, progression to dementia may be the

result of a local interaction between these pathologies.
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Here, we tested a hypothesis in which distant Ap aggregation determines the region’s metabolic
vulnerability, whereas the synergy between this regional vulnerability with co-localized
concentrations of AP determines the progression to dementia. To test this hypothesis, we
assessed preclinical, mild cognitive impairment (MCI), and AD dementia individuals based on
the assumption that these associations are disease phase dependent. Also, we conducted the same
analysis in transgenic rats that display AP single pathology to test this model in the absence of
other brain human proteinopathies, such as neurofibrillary tangles, commonly observed in AD

patients (Do Carmo and Cuello, 2013).

5.4 Results

Demographics and key characteristics of the human population are summarized in Table 5-1.
Voxel-wise analysis of covariance showed that compared to cognitively normal (CN)
individuals, MCIs had reduced gray matter density in the medial temporal cortex (Supplementary
Fig. 1a), whereas AD patients had reductions in the precuneus, posterior cingulate, and temporal
cortices (Supplementary Fig. 1d). MCI and AD individuals had reduced metabolism in the
precuneus, posterior cingulate, inferior parietal, and temporal cortices (Supplementary Fig. 1b,

e). MCI and AD individuals had widespread cortical AP deposition (Supplementary Fig. 1c, f).

AP is unrelated to overlapping hypometabolism
In AP positive individuals segregated by clinical diagnostics, voxel-wise models showed that Af
was not locally associated with hypometabolism in CN, MCI, and AD. On the other hand, these

models showed that global AP is associated with hypometabolism in the posterior cingulate,
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precuneus, lateral temporal, and inferior parietal cortices in CN (Fig. 5-1a, d) and MCI (Fig. 5-
1b, e). Additionally, a bootstrap-scheme supported that regional AP did not affect the stability of
the global AP effects on hypometabolism in the models mentioned above (Supplementary Fig.

2). No significant associations were found between A and hypometabolism in AD patients.

We further replicated the results found in humans using a cohort of 20 rats (10 homozygous
McGill-R-Thy1-APP rats overexpressing human A precursor protein and 10 wild-type Wistar
rats). They were 11 months old, and the wild-type rats provided the means for determining that
11-month McGill-R-Thy1-APP transgenic rats presented mild cognitive symptoms, with a
significant baseline genotype effect on the Morris Water Maze (MWM) (P = 0.03). In the
transgenic AP rats, the voxel-wise regression supported that local Ap and hypometabolism were
unrelated to one another. On the other hand, the model revealed that global AP load was strongly
associated with hypometabolism in the retrosplenial cortex (which corresponds to the posterior
cingulate in humans (Lu ef al., 2012)), and medial and lateral temporal, and inferior parietal

cortices (Fig. 5-1c, f).

AP determines distant hypometabolism in functionally connected regions

In AP positive individuals, metabolic connectivity analysis showed that the regions comprising
the brain's DMN in the precuneus, posterior cingulate, lateral temporal, inferior parietal, and
medial prefrontal cortices were highly correlated with each other (Fig. 5-2b). Partial correlation
matrices revealed that AP is negatively associated with metabolism in distant but metabolically
connected brain regions (Fig. 5-2c-h and Supplementary Movie 1). Notably, the elements of the

glucose-glucose and glucose-Ap matrices were highly negatively correlated with one another (»
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=—0.54, P <0.0001), which reinforced the link between metabolic connectivity and AP effects.
Furthermore, the lack of correlation between the glucose-Ap matrix elements and the Euclidean
distance between regions (r = — 0.0006, P = 0.9544) supported that regions' proximity did not

drive these correlations.

In AP positive individuals segregated by clinical diagnostics, voxel-wise network analysis
showed that A load in the precuneus, posterior cingulate, lateral temporal, inferior parietal, and
medial prefrontal cortices is associated with distant but within-DMN hypometabolism in CN
(Fig. 5-3) and MCI (Fig. 5-4). On the other hand, AP outside of the DMN either did not associate
with hypometabolism or was associated with hypometabolism predominantly in regions
comprising other brain networks, such as the Frontoparietal and Limbic networks. No significant

associations were found between A and hypometabolism in AD patients.

In the transgenic AP rats, the voxel-wise regression analysis confirmed that Af is associated with
distant, rather than co-localized, hypometabolism (Fig. 5-5). As expected, there were no

associations between A and hypometabolism uptake in the wild-type control rats.

Synergy of Ap with overlapping hypometabolism on cognitive decline

A voxel-wise interaction model showed that high local levels of AB and low local levels of
glucose uptake in the precuneus, posterior cingulate, inferior parietal, and lateral temporal
cortices synergistically determined subsequent cognitive decline up to 5.6 years in MCI AP
positive individuals (Fig. 5-6a, ¢, Supplementary Fig. 3, and Supplementary Movie 2). This

local interaction also shortened the time-to-progression from MCIs A positive to dementia (P <
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0.0001). In addition, a bootstrap analysis further confirmed that the effect of the local interaction
between AP and metabolism on cognitive decline was not influenced by a global AP effect
(Supplementary Fig. 4). Moreover, analysis of variance supported that the models with the
interaction term best described the relationship between overlapping biomarkers and cognitive
decline as compared to reduced models assessing: 1) only AP, 2) only metabolism, and 3) AP
plus metabolism, with a P < 0.0001 in all three cases. In CN and AD AP positive individuals, the

aforementioned interaction was not significantly associated with cognitive decline.

In the transgenic AP rats, a voxel-wise interaction model supported the synergy between AP and
overlapping hypometabolism in the retrosplenial, inferior parietal, and mediolateral temporal
cortices as a determinant of cognitive decline over 8 months (Fig. 5-6b, d). This interaction was

absent in the wild-type control rats.

The distant and local Af effects on metabolism well describe AD progression

Structured equation model (SEM) showed that the construct in which AP occurring in distant
regions drives hypometabolism, whereas the interaction between this hypometabolism and the
co-localized AP determines cognitive decline fits the data well (Fig. 5-7). Notably, SEM testing
the association between AP and hypometabolism on subsequent cognitive decline using a
classical sequential model or a purely synergistic model fitted the data poorly (Supplementary

Fig. 5).
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5.5 Discussion

In summary, we have shown that AP is associated with vulnerability in distant brain regions
functionally connected by the DMN, whereas the synergy between this vulnerability with local
AP levels is related to the clinical progression to dementia (Fig. 5-8). Remarkably, similar results
in transgenic AP rats, which do not form neurofibrillary tangles (Do Carmo and Cuello, 2013),

supported this model as an independent mechanism of cognitive deterioration.

Our results indicate that the regional hypometabolism observed in AD may derive from distant
AP effects within brain regions connected by the DMN. This observation is supported by early
studies showing that lesions in remote brain regions are associated with DMN hypometabolism
(Akiyama et al., 1989, Nagasawa et al., 1994, Meguro et al., 1999). For instance, studies in non-
human primates show that localized surgical lesions lead to hypometabolism in metabolically
connected brain areas and that the severity of the inflicted lesion correlates with the degree of
remote hypometabolism (Meguro et al., 1999). These studies suggest that this occurs due to a
synaptic disconnection between the damaged and the remote brain region (Meguro et al., 1999).
Based on these observations, one may argue that the regional patterns of hypometabolism in AD
derive from a decreased synaptic input from distant but DMN connected brain areas affected by
AB. Also, we have shown that global AP load, rather than local, is associated with regional DMN
hypometabolism, which is in line with previous studies (Altmann ef al., 2015). Expanding upon
these studies, our findings suggest that this might be explained by the fact that AB from several
distant brain regions contributes to regional hypometabolism. Therefore, it seems reasonable that
a global AP composite contemplating all distant brain regions shows a better association with
regional hypometabolism than its local AP levels. Altogether, our results corroborate the toxic

effects of AR on the DMN as previously suggested by the network neurodegeneration hypothesis
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of AD (Buckner et al., 2008, Seeley et al., 2009, Sperling et al., 2009), by showing that cortical
AP leads to hypometabolism in distant regions interconnected by the brain’s DMN, rather than

merely locally, as inferred from the traditional view (Buckner ef al., 2008).

On the other hand, our results suggest a synergy between the local levels of AP and
topographically overlapped DMN vulnerability as a driving force behind dementia symptoms. It
is well known that individuals might respond differently to AP based on their capacity to
compensate through the reconfiguration of pre-existent or recruitment of alternative synapses
using the DMN (Buckner et al., 2008, Elman et al., 2014). Moreover, DMN hypometabolism has
been repeatedly suggested to represent underlying network dysfunction (Landau et al., 2012,
Altmann et al., 2015, Passow et al., 2015) and metabolic connectivity has been shown to
represent synaptic pathways in the human brain (Stern ef al., 2005, Lee et al., 2008, Riedl et al.,
2016). Thus, the hypometabolism in our results may indicate the dysfunction of the DMN in
recruiting alternative synapses in the face to the toxic effects of AB. As such, our model could be
understood to mean that the toxic effects of AP and the underlying local levels of DMN
dysfunction in handling these toxic effects synergistically determine the severity of the
subsequent cognitive deterioration. Together, these findings support that regional vulnerability to
AP plays an important role in the progression to AD and that this occurs through the decrease of
the capacity of the DMN to compensate for the local deleterious effects of AR (Mattson and

Magnus, 2006, Jackson, 2014, Walsh and Selkoe, 2016).

Although our results showed that regional metabolic vulnerability depends on distant AP, other

factors may potentiate this vulnerability in AD. Determinants of such vulnerability might include
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inflammatory agents and pathology related stressors that might lead to biochemical
dysregulations, resulting in decreased synaptic exchanges and therefore hypometabolism
(Mattson and Magnus, 2006, Kreisl et al., 2013, Lesne et al., 2013, Savas et al., 2015). Other
factors may include cerebral vascular diseases, systemic metabolic disorders, and allele variants
implicated in brain plasticity and resilience (Mesulam, 1999, Ossenkoppele et al., 2015, Pascoal
et al., 2016). Also, previous studies have suggested that APOE ¢4 may lead to hypometabolism
independently of AP (de Leon et al., 1987, Jagust et al., 2012). Recently, it has been shown that
astrocytes play an important role in ['"*F]FDG signal (Zimmer et al., 2017). Since astrocytes have
been associated with numerous mechanisms involving neuronal plasticity and transmission
(Volterra and Meldolesi, 2005), astrocytic dysfunction may be involved in the DMN

vulnerability reported here.

As previously reported by our group and others, interactions between AP and tau proteins
determine AD progression (Fortea et al., 2014, Pascoal et al., 2016, Pascoal et al., 2016). Since
glucose metabolism is proposed to be closely linked to tau pathology (Ossenkoppele et al.,
2015), the regional effects of hypometabolism in the present study could be merely inferred as a
proxy of neurofibrillary tangles. Therefore, we used the McGill-R-Thyl-APP rats
overexpressing human A pathology to clarify our results. Remarkably, the similar results in our
transgenic A rats, which do not form tangles (Do Carmo and Cuello, 2013), supported the
associations between AP and DMN vulnerability as a tau-independent mechanism of cognitive
deterioration. It is worth to mention that, although independent, this model is likely to be highly
potentiated by neurofibrillary tangles, which is supported by the more markedly cognitive

deterioration found in humans as compared to the transgenic AP rats. Indeed, it is probable that
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the AP induced metabolic vulnerability reported here will create a favorable environment also for
neurofibrillary tangles to determine cognitive decline. Importantly, the DMN is suggested as an
evolutionarily conserved feature involved in the integration of cognitive abilities in humans and

rodents (Swanson, 1992, Lu et al., 2012).

Methodological strengths of the present study include the use of continuous biomarkers analyzed
with a robust voxel-wise approach, the large sample size, and the use of an animal model in a
controlled experimental setting, which permitted assessing the effects of AP on metabolism
independent of possible confounding factors such as neurofibrillary tangles. This study has
methodological limitations. Our studied population represents a self-selected group of elderly
individuals motivated to participate in an AD study. Therefore, these individuals may not
represent a general elderly population. In addition, it would be highly desirable to study the
models proposed here also in a younger population. In a heterogeneous population such as MCls,
some individuals have early AP deposition and may present a positive association between A
and metabolism (Ashraf et al., 2015), while others in later disease stages may present a negative
association. Thus, these opposing phenomena in the same population may obscure the regional
association between these biomarkers. Although patients with AD dementia had both high levels
of AP deposition and DMN hypometabolism, the interaction between these pathologies was not
associated with subsequent cognitive deteriorations. One might argue that this could be
explained by the well reported “ceiling effect” of AP pathology in late disease phases (Jack et
al., 2013). Although we restricted our analyses to AP positive individuals and adjusted the
models for p-tau levels, we cannot exclude that other pathological processes than AP - such as

tau aggregates, neuroinflammation, cholinergic depletion, cerebrovascular disease, a-synuclein,
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and TDP-43 — have influenced the interpretation of the present results (Jicha et al., 2006).
McGill-R-Thy1-APP rats develop AP plaque and oligomeric species (Leon ef al., 2010). Since
regional AP load is highly associated with regional oligomeric AP (Lesne et al., 2013), the
deleterious effects of AR on metabolism reported here might reflect oligomers rather than
fibrillar conformations. Also, there are large pathophysiological differences between human AD
and transgenic models overexpressing AB. However, it is important to mention that the less
aggressive progression of A in rats, compared to mice, makes this model more similar to the
insidious disease progression of elderlies with sporadic AD. For instance, McGill-R-Thy1-APP
mice and rats express exactly the same mutations, but rats present plaques at 6—9 months while
mice do as early as at 4 months (Do Carmo and Cuello, 2013). Importantly, the much larger
brain size of rats (approximately 5 times bigger than mice) makes the identification of specific
brain structures using techniques with low spatial resolution, such as PET, possible to be

performed in this study (Zimmer ef al., 2014).

To conclude, our results suggest that within the brain’s DMN; regional vulnerability is
associated with distant AP, while the interaction between this vulnerability with local A is

associated with dementia.

5.6 Material and Methods

Human subjects

Data used in the preparation of this article were obtained from the Alzheimer's Disease
Neuroimaging Initiative (ADNI) database, phases GO and 2 (adni.loni.usc.edu). ADNI was

launched in 2003 as a public-private partnership, led by Principal Investigator Michael W.
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Weiner, MD. The primary goal of ADNI has been to test whether serial magnetic resonance
imaging (MRI), PET, other biological markers, and clinical and neuropsychological assessments
can be combined to measure the progression of MCI and early AD. ADNI study was approved
by the ethics committees of each participating site, and a written informed consent was obtained
from all participants. For the present study, we selected participants who underwent ['*F]JFDG
PET, ['*F]florbetapir PET, MRI, and cerebrospinal fluid (CSF) p-tau at baseline, as well as
cognitive assessments at baseline and follow-up. Cognition was assessed with Mini-Mental State
Examination (MMSE), Rey Auditory Verbal Learning Test 30-min delayed recall, Trail Making
Test Part A and B, and Boston Naming Test. Control individuals had MMSE scores of 24 or
higher and a clinical dementia rating (CDR) of 0. MCIs had MMSE scores equal to or greater
than 24, a CDR of 0.5, subjective and objective memory impairments, and essentially normal
activities of daily living. AD dementia patients had MMSE scores lower than or equal to 26,
CDR higher than 0.5, and met the National Institute of Neurological and Communicative
Disorders and Stroke—Alzheimer’s Disease and Related Disorders Association criteria for
probable AD (McKhann et al., 1984). Individuals did not present other neuropsychiatric
disorders (Further information about ADNI cognitive tests and inclusion/exclusion criteria may

be found at www.adni-info.org).

Animal use

We imaged and cognitively assessed 20 rats, 10 homozygous McGill-R-Thyl-APP rats
overexpressing human AP precursor protein (Do Carmo and Cuello, 2013) with the Swedish
double mutation (K670N, M671L (Mullan et al., 1992)) and the Indiana mutation (V717F

(Murrell et al., 1991)), along with 10 wild-type Wistar rats. Half of the rats in each group were
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males. The rats performed MRI, ['*F]JFDG PET, and ['*FINAV4694 PET at baseline (11 months
old (SD 0.14)), as well as the MWM test at baseline and at 8 months follow-up. The MWM was
performed with four trials per day, over four consecutive days. The rats were placed on the
platform if they failed to find it within 90 s, and we assumed a maximum trial length of 90 s
(Morris, 1984). The time to find the platform was measured with overhead camera tracking using
ANY-maze software (Stoelting Co.). One probe trial (no platform) and one visible platform trial
were also conducted at the end of the fourth day. All rats were kept in ventilated cages in groups
of two in environmentally controlled conditions: 12 hours light/dark cycle at 21 °C with access
to food and water ad libitum. All procedures involving rats were performed in accordance to the
Guide to the Care and Use of Experimental Animals of the Canadian Council on Animal Care
and the National Institutes of Health (NIH) and were approved by the McGill Animal Care

Ethics Committee.

Human imaging methods

MRI and PET acquisitions followed ADNI protocols (http://adni.loni.usc.edu/methods). T1-

weighted MRIs were corrected for field distortions, non-uniformity corrected, brain masked,
segmented, and non-linearly transformed to the MNI reference space using the CIVET pipeline
(Zijdenbos et al., 2002). Subsequently, gray matter density was computed using voxel-wise
morphometry. PET scans used ['°F]florbetapir tracer for imaging AP and ['*F]JFDG tracer for
imaging glucose metabolism. Briefly, PET images were non-linearly registered to the MNI space
using the individual’s PET/T1-weighted native MRI registration and the non-linear MRI
transformation to the MNI space. PET images were spatially smoothed to achieve a final 8-mm

full-width at half maximum resolution and corrected for partial volume effects using region-
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based voxel-wise (RBV) method (Thomas ef al., 2011). ['*F]Florbetapir and ['*FJFDG SUVR
images were obtained using the cerebellum gray matter and the pons as reference regions,
respectively. A global ['*F]florbetapir SUVR value was obtained using the precuneus, posterior
and anterior cingulate, inferior and superior parietal, medial prefrontal, lateral temporal, and
orbitofrontal cortices. Individuals were AP positive if [lgF]ﬂorbetapir SUVR > 1.15 (Pascoal et
al., 2018). Further information and the schematic representation of the human imaging methods

pipeline may be found elsewhere (Pascoal et al., 2016) and in the Supplementary Figure 6.

Rat imaging methods

MRIs were acquired using a Bruker 7T BioSpec 70/30 USR animal dedicated. First, the rats
were anesthetized with 5% isoflurane/medical air, which was then maintained at 1-2% after
placing the animals in the scanner, with the breathing at 20-30 breaths per min. We used a 37°C
constant airflow to maintain the rats warm. The structural images were generated using the 7T
Bruker standard 3D-True Fast Imaging with Steady State Precession (FISP) pulse sequence
(Oppelt et al., 1986). Gray matter density was computed using voxel-wise morphometry. PET
images were acquired using a CTI Concorde R4 microPET for rodents (Siemens). PET scans
used ["*FINAV4694 tracer for imaging AP and ['*F]FDG tracer for imaging glucose metabolism.
In preparation for the scans, rats received anesthesia using 5% isoflurane, which was then
maintained at 2% throughout the procedure. The animals underwent a 9-min transmission scan
using a rotating °’Co point source before each PET image acquisition. For ['*FINAV4694, a 60-
min dynamic emission scan began concomitantly with the bolus injection of the radiotracer via
the tail vein. For ['*F]FDG, after fasting for 12 hours, the animals received the radiotracer

injection during the awake state via the tail vein. Then, a 20-min dynamic emission scan at 50
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min post-injection was performed. PET images were reconstructed using a Maximum a
posteriori algorithm and corrected for scattering, dead time, and decay. [*FINAV4694 non-
displaceable Binding Potential (BPxp) parametric images were generated using the Simplified
Reference Tissue Method with the cerebellar gray matter as reference (Gunn et al., 1997).
['®F]IFDG SUVR images were generated using the pons as the reference region. PET images
were co-registered to the animal’s MRI and non-linearly transformed to a standardized rat brain
space created based on the wild-type rats MRIs. PET images were spatially smoothed using a
Gaussian kernel with a full-width at half-maximum of 2.4 mm. Further information and the
schematic representation of the rat imaging methods pipeline may be found elsewhere (Zimmer

et al., 2014) and in Supplementary Figure 7.

Human CSF analysis

CSF p-tau at threonine 181 was measured using a multiplex XMAP Luminex platform (Luminex
Corp, Austin, TX) with INNO-BIA AlzBio3 immunoassay kit-based reagents (Innogenetics,
Ghent, Belgium) (Shaw et al., 2009, Toledo et al., 2013). Details about CSF acquisition and

quantification can be found at www.adni-info.org.

Statistical analysis

Regressions were performed using R Statistical Software Package version 3.1.2_(http:/www.r-
project.org/) to test for significant associations between biomarkers and also demographic
differences between groups for continuous variables, whereas a contingency chi-square was used
for categorical variables. The voxel-wise analyses were performed using MATLAB software

version 9.2 (http://www.mathworks.com) with a computational framework developed to perform
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complex voxel-wise statistical operations, such as interaction models, using multiple imaging

modalities in humans and rats (Fig. 5-9) (Mathotaarachchi et al., 2016).

In humans, we evaluated the brain abnormalities associated with the clinical diagnosis using a
voxel-wise analysis of variance in which the signal intensity of the imaging modality was used as

the dependent variable, while the diagnosis was used as the independent variable.

Subsequently, voxel-wise regression models, taking into consideration voxel and global A
concentrations, tested the association between AP deposition and glucose metabolism in humans
and rats. In humans, we also considered age, gender, education, APOE ¢4 status, p-tau, and gray
matter density in the models, whereas in rats age, gender, and gray matter density were

considered.

Then, connectivity analysis was performed using eight regions-of-interest used to assess the
global PET AP value in the precuneus, posterior and anterior cingulate, inferior and superior
parietal, medial prefrontal, lateral temporal, and orbitofrontal cortices as well as two additional
regions in the insular and occipital cortices, using coordinates in the MNI ICBM atlas (Mazziotta
et al., 2001). The edge values were assumed to be the correlation coefficients between regions,
which were used as the matrix elements. Interregional correlation coefficients were computed
using Pearson partial correlation analysis controlling for age, gender, education, APOFE &4 status,
and p-tau. Metabolic connectivity was assessed with a symmetric matrix showing the strength of
the correlation of glucose uptake between regions. An asymmetric matrix assessed the

associations of AP deposition and hypometabolism between regions-of-interest. The matrices
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were corrected for multiple comparisons using Bonferroni at P < 0.05. FDG-FDG and FDG-AP
matrix elements were further correlated using Pearson's correlation. We also tested the
correlation between the matrix elements and the Euclidean distance between nodes (mm) to

ensure that the results were not driven by regions' proximity.

In humans, we further performed a voxel-wise connectivity analysis using AB values within the
10 regions-of-interest mentioned above as independent predictors and glucose metabolism at
every voxel as the outcome accounting for age, gender, education, APOE &4 status, p-tau, and
gray matter density. In addition, a network atlas provided the means to assess regional overlap
between results and brain networks (Visual, Somatomotor, Dorsal and Ventral attention, Limbic,
Frontoparietal, and Default Mode networks (Yeo et al., 2011)). In rats, a voxel-wise connectivity
analysis was performed using AP values within 8 regions-of-interest, based on previous
literature, in retrosplenial, medial temporal, lateral temporal, inferior parietal, frontoparietal,
olfactory bulb, cerebellar, and somatosensory cortices as independent predictors and glucose
metabolism at every voxel as the outcome accounting for age, gender, and gray matter density

(Swanson, 1992, Lu et al., 2012).

The association between image biomarkers and cognitive changes was tested in humans with a
voxel-wise model using the slope of change in cognitive performance as the dependent variable
and the main and interactive effects of ['*F]florbetapir SUVR and ['*F]JFDG SUVR at every
voxel as independent predictors. The slope of change in cognitive performance was defined
using all available MMSE evaluations for each subject with a mean of 4 (SD 0.96) evaluations

spanning up to 5.6 years (mean of 3.4 years (SD 1.02)). The analysis was adjusted for global AP,
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age, gender, education, APOF &4 status, p-tau, gray matter density, and follow-up duration. The

voxel-wise interaction model was built as follows:

AMMSE = B0 + B1(Florbetapir SUVR) + B2 (FDG SUVR) + B3 (Florbetapir SUVR

* FDG SUVR) + covariates + error

In rats, we built the same voxel-wise model performed in humans using the slope of change in
the MWM as the dependent variable and the main and interactive effects of ['*FINAV4694 BPxp
and ['*FJFDG SUVR as independent predictors. A slope of change in cognitive performance was
defined for each rat using the MWM changes in average (four trials) latency to find the platform
over 8 months. The model was adjusted for global A, age, gender, and gray matter density. The

voxel-wise interaction model was built as follows:

AMWM = B0 + B1(NAV4694 BPyp) + B2 (FDG SUVR) + B3 (NAV4694 BPy,

* FDG SUVR) + covariates + error

Statistical parametric maps were corrected for multiple comparisons and the statistical

significance was defined using a family-wise error rate (FWER) threshold of P < 0.05.

The presence of collinearity between regional and global AB PET values could inflate the
variance of estimates, potentially leading to incorrect statistical results of significance when both
effects are used in the same model. To assess whether such case occurred in our analysis, we

investigated the stability of estimates by measuring the variance based on a resampling scheme
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repeated 10,000 times. Additionally, the adequacy of the models with the interaction term was
further assessed with an analysis of variance comparing the interaction model with each reduced

model: 1) AP, 2) metabolism, and 3) A plus metabolism.

The relationship between AP, metabolism, and the longitudinal cognitive decline was further
assessed via SEM using the R package Lavaan (MacCallum and Austin, 2000). SEM was built to
test the specific hypotheses demonstrated in each figure’s meta-model (Schermelleh-Engel ef al.,
2003). SEM was classified as satisfactory whether: comparative fit index (CFI) > 0.95 and

standardized root mean square residual (SRMR) < 0.1 (Kievit et al., 2014).

5.7 Tables and Figure

Table 5-1. Demographics and key characteristics of the population.

Control MCI AD P-values

Number of subjects 152 304 51 -

Age, y, mean (SD) 748 (6.8)°  72.1(7.5)  74.7(8.4)° <0.001
Male, no. (%) 71 (47) 167 (55)* 30 (59) 0.169
APOE &4, no. (%) 40 (26) 135 (44)® 34 (67)*° <0.001
Education, y, mean (SD) 164 (2.6)  16.2(2.6) 15.9 (2.7) 0.389
MMSE, score, mean (SD) 29(12)  28.1(L.7)* 229(22)*  <0.001
MMSE, slope of change, y, mean (SD) ~ —0.09 (0.5) —0.59 (1.3)* —2.21 3.4)*®  <0.001
Follow-up, y, mean (SD) 3.44(1.0)  347(09) 274(1.DH)*  <0.001
Visits, no. (SD) 435(0.9) 3.93(0.9)* 3.38(0.7)*  <0.001
['*F]Florbetapir, mean SUVR (SD) 1.15(0.13)  1.23(0.16)* 1.4(0.14)**  <0.001
['*F]Florbetapir positive, no. (%) 53 (35) 170 (56)* 46 (90) *° <0.001
['*F]FDG, mean SUVR (SD) 1.41 (0.04) 1.38(0.05)* 1.34(0.05)**  <0.001

P values indicate the values assessed with analyses of variance for each variable, except for
gender, APOE ¢4 status, and ['°F]florbetapir positivity where a contingency chi-square was
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Eerformed. Post-hoc analysis provided significant differences between groups from: * control and

MCI.

Figure 5-1. Global rather than local AP is associated with DMN hypometabolism.
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Voxel-wise models, taking voxel and global AP values into consideration, showed that global A
is associated with hypometabolism in (a) CN A positive (n = 53) and in (b) MCI A positive (n
= 170) individuals in the posterior cingulate, precuneus, lateral temporal, and inferior parietal
cortices, and in (¢) transgenic AP rats (n = 10) in the retrosplenial, medial and lateral temporal,

147

www.manharaa.com



and inferior parietal cortices. The effects of regional AP values on its overlapping
hypometabolism were negligible in the voxel-wise models. There were no associations between
AP and hypometabolism in AD AP positive (n = 46) individuals. Parametric images were FWER
corrected at P < 0.05 and adjusted for age, gender, education, APOE ¢4 status, p-tau, and gray
matter density in humans, and age, gender, and gray matter density in rats. Regression models
performed in (d) CN AP positive and in (e) MCI AP positive individuals within anatomically
segregated regions further supported that the effects of local Ap on hypometabolism (i.e., in the
same region) were negligible. Similarly, inside segregated clusters, local AP effects on
hypometabolism were negligible in (f) transgenic AP rats. In figures d-f, the dots and bars
represent [ estimates and standard error, respectively, of the independent variables used in the
models.

Figure 5-2. AP is associated with hypometabolism in distant but functionally connected
brain regions.
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Metabolic connectivity analysis between eight regions-of-interest used to assess the global Af
value in the precuneus (Pre), posterior (PCC) and anterior (ACC) cingulate, inferior (IP) and
superior parietal (SP), medial prefrontal (MPF), lateral temporal (LT), orbitofrontal (OF), as well
as two additional regions in the insular (Ins) and occipital pole (OP) cortices demonstrated that
regions comprising the DMN were highly correlated with each other in (a) CN A negative (n =
99) as well as in (b) all AP positive individuals (n = 269). (c) Partial correlation analysis showed
that AP within the DMN was associated with distant but within-network hypometabolism in Af
positive individuals. Note that AP and its overlapping glucose metabolism showed positive or
non-correlation. Correlation maps displayed in 3D brain surfaces show the correlations of
glucose-glucose and glucose-Ap in the (d) Pre, (e) PCC, (f) LT, (g) IP, and (h) MPF cortices.
The matrices are presented with Pearson partial correlation coefficients () controlled for age,
gender, education, APOFE &4 status, p-tau, and Bonferroni-corrected at P < 0.05.
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Figure 5-3. Voxel-wise analysis showed that Af in DMN is predominantly associated with
distant within-network hypometabolism in CN AP positive individuals.
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(a) 3D brain representation of the regions-of-interest in which the AP values were obtained.
Statistical parametric maps, overlaid on a structural MRI template, show the brains regions
where glucose metabolism was negatively associated with A load in the (b) precuneus, (c¢)
posterior cingulate, (d) lateral temporal, and (e) inferior parietal cortices in CN AP positive (n =
53) individuals. AP in medial prefrontal, anterior cingulate, orbitofrontal, superior parietal,
insular, and occipital pole cortices (gray) did not associate with hypometabolism. Parametric
images were FWER corrected at P < 0.05 and adjusted for age, gender, education, APOE &4
status, p-tau, and gray matter density.
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Figure 5-4. Voxel-wise analysis showed that Ap in DMN is predominantly associated with
distant within-network hypometabolism in MCI AP positive individuals.
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(a) 3D brain representation of the regions-of-interest in which the AP values were obtained.
Statistical parametric maps, overlaid on a structural MRI template, show the brains regions
where glucose metabolism was negatively associated with A load in the (b) precuneus, (c¢)
posterior cingulate, (d) lateral temporal, (e) inferior parietal, (f) medial prefrontal, (g) anterior
cingulate, and (h) superior parietal cortices in MCI AP positive (n = 170) individuals. AP in the
orbitofrontal, insular, and occipital pole cortices (gray) did not associate with hypometabolism.
Parametric images were FWER corrected at P < 0.05 and adjusted for age, gender, education,
APOE ¢4 status, p-tau, and gray matter density.
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Figure 5-5. Voxel-wise analysis showed that AP is associated with distant within-network
hypometabolism in transgenic A rats.
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(a) 3D brain representation of the regions-of-interest in which the AP values were obtained.
Statistical parametric maps, overlaid on a structural MRI template, show the brains regions
where glucose metabolism was negatively associated with AP load in the (b) retrosplenial, (¢)
medial temporal, (d) lateral temporal, (e) inferior parietal, (f) frontoparietal, (g) olfactory bulb,
and (h) cerebellar cortices in transgenic AP rats (z = 10). AP in the somatosensory cortex (gray)

did not associate with hypometabolism. Parametric images were FWER corrected at P < 0.05
and adjusted for age, gender, and gray matter density.
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Figure 5-6. The synergy of Ap with overlapping hypometabolism drives cognitive decline.
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(a) The parametric map shows significant interactive effects at a voxel level between AP and
glucose uptake on MMSE worsening over up to 5.6 years in the precuneus, posterior cingulate,
inferior parietal, and lateral temporal cortices in MCIs AP positive (n = 170). (b) In transgenic
AP rats, significant voxel-wise interactive effects between AP and glucose uptake on MWM
worsening over 8§ months were found in the retrosplenial cortex, which corresponds to the
posterior cingulate in humans, inferior parietal, mediobasal and lateral temporal cortices. The
plots show the graphical representation of the interaction in (¢) MCIs A positive and in (d)
transgenic A rats, where each parallel line represents a single subject. Parametric images were
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FWER corrected at P < 0.05 and adjusted for global AP, age, gender, education, APOE &4 status,
p-tau, gray matter density, and follow-up duration in humans, and adjusted for global AP, age,
gender, and gray matter density in rats. For longitudinal changes in MMSE and MWM, lower

values indicate greater impairment.

Figure 5-7. Structured equation modeling showed that the distant and local AP effects on

hypometabolism well describe AD progression.
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This model represents the hypothesis that distant and local AP effects on posterior DMN
hypometabolism are associated with cognitive decline. The model used all AP individuals and
the associations were corrected for age, gender, education, APOE &4 status, and p-tau. Negative
associations are shown in solid lines, whereas dashed lines show positive associations. In the
SEM model, AP showed positive association with its overlapping metabolism but negative
associations with distant metabolism. The hypothesized model fitted the data well (N= 269,
X°=83, degrees of freedom = 23, P < 0.01, standardized root mean square residual (SRMR) =
0.077, Comparative Fit Index (CFI) = 0.972, and Tucker-Lewis Index (TLI) = 0.908).
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Figure 5-8. Schematic representation of the distant and local AP effects on metabolism.
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AP from distant brain regions leads to regional metabolic vulnerability, whereas the synergy
between this vulnerability with local AP effects drives the clinical progression of dementia.
Importantly, either Af or metabolic vulnerability as a single abnormality is insufficient to
determine dementia.
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Figure 5-9. Multimodal analytical operations performed at every brain voxel.
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The illustration shows the analytical model developed to perform statistical operations on
multiple scalar variables and with multiple imaging modalities at every brain voxel in humans
and rats. Briefly, (a) the brain image data were retrieved from a 3D image space and converted to
a 2D matrix in the image space for each subject. (b) Then, the image data were transformed to
the processing space using artificial parcellation. (¢) In the computational phase, the statistical
modeling was performed in every brain voxel accounting for voxel and global PET uptake
values, as well as voxel gray matter density and covariates. (d) Subsequently, statistical matrices
were generated from the results and (e) transformed back to the 3D image space. (f) Finally, 3D
parametric maps displaying the results of the regression models were generated. k = subjects; u =
image slice; v = slice elements; m = artificial parcellation; n = elements in each parcellation.
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5.9 Supplementary Material

Supplementary Figure 1. Local diagnostic effect on gray matter density, glucose
metabolism, and AP deposition across the AD clinical spectrum.
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Statistical parametric maps, FWER corrected at P < 0.05, revealed areas with reduced gray
matter density in (a) MCIs (n = 304) and (d) AD patients (n = 51); hypometabolism in (b) MCls
and (e) AD patients; and areas with increased AP deposition in (¢) MClIs and (f) AD patients as
compared to CN (n = 152) individuals.
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Supplementary Figure 2. Regional AP did not affect the negative association

between global A and metabolism.
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The figure shows the bootstrap-based estimates of the global ['*F]florbetapir effect on precuneus
['®F]FDG with (red box) and without (green box) precuneus [ °F]florbetapir effect in the models
in MCIs AP positive (n = 170). The models were also adjusted for age, gender, education, APOE
¢4 status, and p-tau. Resampling with replacement was iterated 10,000 times and sampling
distributions of resulting estimates are presented as box plots. In the plots, the lower and upper
boundaries show the 25th and 75th percentiles, respectively, the horizontal line indicates the
median and the error bars show the minimum and maximum estimate values. The results suggest
that the presence of regional ['°F]florbetapir did not cause significant instability in the model
since the estimates that resulted from the models with and without regional ['*F]florbetapir
effects showed similar association between global ['*F]florbetapir and regional [*F]FDG.
Notably, all 10,000 bootstrap-based estimates showed a negative association between global
['®F]florbetapir and regional ['*F]JFDG. Results were similar for PCC, lateral temporal, and
inferior parietal cortices.
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Supplementary Figure 3. The synergy of AP with overlapping hypometabolism on

cognitive decline in MClIs AP positive.
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Statistical parametric maps, FWER corrected at P < 0.05, show regions with a significant
interactive effect between AP and glucose uptake on worsening in (a) Trail Making Test Part A,
(b) Trail Making Test Part B, and (¢) Boston Naming Test over 2 years in MCIs AP positive (n =
170). AP and glucose metabolism interaction did not significantly associate with changes in the
Rey Auditory Verbal Learning Test 30-min delayed recall. There were no significant
associations between the above-mentioned interaction and cognitive tests in CN and AD
individuals. Trail Making Test Part A assessed psychomotor speed processing, whereas Part B
executive function. Boston Naming Test was used to test language and the Rey Auditory Verbal
Learning Test assessed 30-min delayed recall memory.
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Supplementary Figure 4. Global AP values did not affect the stability of the
local interaction between AP and hypometabolism.
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The figure shows the bootstrap-based estimates of the interactive effect of regional
['®F]florbetapir and ["*F]JFDG on changes in cognition (MMSE) with (red box) and without
(green box) global ['*F]florbetapir effect in MCIs AP positive (n = 170). The models were also
adjusted for age, gender, education, APOE &4 status, and p-tau. Resampling with replacement
was iterated 10,000 times and sampling distributions of resulting estimates are presented as box
plots. In the plots, the lower and upper boundaries show the 25th and 75th percentiles,
respectively, the horizontal line indicates the median and the error bars show the minimum and
maximum estimate values. Regional PET values used in the models were the mean of the
average voxels presented in figure 6a. The results suggest that the presence of global
['®F]florbetapir did not cause instability in the model since the estimates that resulted from the
models with global ['*F]florbetapir effects were similar to the ones that resulted from the models
without global ['*F]florbetapir effects.
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Supplementary Figure 5. Structured equation meta-models representing a
sequential and a synergistic models of AD progression.

a

Cognitive decline

—

Cognitive decline

(a) This meta-model represents a sequential model of AD progression, and its respective SEM
fitted the data poorly (N = 269, X = 742, degrees of freedom = 37, P < 0.001, SRMR = 0.189,
CFI=0.675, and TLI = 0.341). (b) This meta-model represents a purely synergistic model of AD
progression, and its respective SEM fitted the data poorly (N = 269, X* = 894, degrees of
freedom =57, P <0.001, SRMR = 0.237, CFI =0.614, and TLI = 0.492).
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Supplementary Figure 6. Schematic representation of the human image
pipeline.
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Supplementary Figure 7. Schematic representation of the rat image pipeline.
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6.1 Preface

In order to test whether epigenetic modifications are a biological link between AD-related brain
processes and dementia, which will be described in detail in Chapter 7, it was necessary to
measure brain concentrations of neurofibrillary tangles in vivo. However, in a study conducted in
our laboratory, we learned that the tau PET tracer that would be used in this study

(["*F]THKS5351) displays brain uptake of MAO-B, rather than the desired tau protein (Figure 6-

).

Figure 6-1. The MAO-B inhibitor, selegiline, reduces the [*F|THK5351uptake in the
human brain.

Baseline Post MAO-B inhibitor

Standardized maps overlaid on a structural MRI show baseline and 1 h post-selegiline scans in a
representative MCI individual. The MAO-B inhibitor, selegiline, significantly reduced the
['"F]THK5351 binding, suggesting that MAO-B highly influences the tracer signal. Adapted
from Ng, at al (Ng et al., 2017).

Moreover, previous studies have suggested that the uptakes of the other first-generation tau
tracers are also heavily influenced by other pathophysiological processes, rather than tangles
(Hostetler et al., 2016, Koga et al., 2017). As a result, second-generation tau tracers, such as

['®F]MK-6240, have recently gained attention. Preclinical results suggest that ['*F]MK-6240

exhibits high selectivity for tangles (Hostetler ef al., 2016). Therefore, in Chapter 6, using gold
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standard methods with full dynamic scans and plasma input function, we validated the use of
simplified methodologies to circumvent the need of arterial sampling and long scan durations for

the use of ['*F]MK-6240 in large populations.

6.2 Abstract

Background: Imaging agents capable of quantifying the brain's tau aggregates will allow a more
precise staging of Alzheimer’s disease (AD). The aim of the present study was to examine the in
vitro properties as well as the in vivo kinetics, using gold standard methods, of the novel positron

emission tomography (PET) tau imaging agent [ *FIMK-6240.

Methods: In vitro properties of [°F]MK-6240 were estimated with autoradiography in
postmortem brain tissues of 14 subjects (7 AD and 7 age-matched controls). In vivo
quantification of ['*F]MK-6240 binding was performed in 16 subjects (4 AD, 3 mild cognitive
impairment, 6 healthy elderly, and 3 healthy young) who underwent 180-min dynamic scans; 6
had an arterial sampling for metabolite correction. Simplified approaches for ['*FIMK-6240
quantification were validated using full kinetic modeling with metabolite-corrected arterial input
function. All participants also underwent amyloid-PET and structural magnetic resonance

imaging.

Results: n vitro ['*F]MK-6240 uptake was higher in AD than in age-matched controls in brain
regions expected to contain tangles such as the hippocampus, whereas no difference was found
in the cerebellar gray matter. In vivo, [ "F]MK-6240 displayed favorable kinetics with rapid brain

delivery and washout. The cerebellar gray matter had low binding across individuals, showing
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the potential to be used as a reference region. A reversible two-tissue compartment model well
described the time—activity curves across individuals and brain regions. Distribution volume
ratios (DVRs) using the plasma input and standardized uptake value ratios (SUVRs) calculated
after the binding approached the equilibrium (90 min) were correlated and higher in MCI or AD
dementia than controls. Reliability analysis revealed robust SUVRs calculated from 90 to 110

min, while earlier time points provided inaccurate estimates.

Conclusions: This evaluation shows an ['*FJMK-6240 distribution in concordance with
postmortem studies and that simplified quantitative approaches such as SUVR offer valid
estimates of neurofibrillary tangles load 90 min post-injection. ['*F]MK-6240 is a promising tau
tracer with the potential to be applied in the disease diagnosis and assessment of therapeutic

interventions.

6.3 Background

In vivo quantification of neurofibrillary tangles constitutes a new challenge in the field of
Alzheimer’s disease (AD) imaging research. It is expected that reliable imaging agents that are
able to accurately quantify tangles in the human brain will complement the information provided
by the existing amyloid-f tracers, allowing a more precise staging of AD. In addition, these
imaging agents may prove to be crucial for the enrichment of clinical trial populations with tau-

positive individuals and for monitoring the efficacy of disease-modifying interventions.

Over the last few years, three classes of tau tracers have appeared as candidates to selectively

measure neurofibrillary tangles in the living human brain. The derivative of pyrido-indole
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(['*F]AV-1451) (Chien er al, 2013, Xia et al, 2013), the derivatives of aryquinoline
(["*F]THKS5117, ['"®*F]THK5317, and ['*F]THK5351) (Harada et al., 2015, Stepanov et al., 2017),
and the derivative of phenyl/pyridinyl-butadienyl-benzothiazoles/benzothiazolium ([''C]PBB3)
(Hashimoto et al., 2014). Although these tracers have shown affinity to neurofibrillary tangles,
compelling evidence suggests that off-target binding heavily influences the signal of some of
them, even in cortical brain regions that are considered as a target for AD. For example, in a
recent in vivo study, we have shown that the binding of ['*F]THK5351 in regions including the
cingulate, temporal, and inferior parietal cortices is strongly driven by MAO-B availability (Ng
et al., 2017). Similarly, in vitro evidence suggest that MAO-A may influence the signal of
['®F]AV-1451 (Hostetler et al., 2016) and that [''C]PBB3 may bind to a-synuclein pathology
(Koga et al., 2017). Furthermore, most of these tracers have shown high binding in the striatum,
which is not a region where the histopathological studies show a high density of tangles in AD
(Braak and Braak, 1991). Thus, a tau-imaging agent with a low brain off-target binding remains

as an unmet need in the field of AD research.

The pyrrolopyridinyl isoquinoline amine derivative ['*F]MK-6240 has been recently developed
by Merck. ['*F]MK-6240 is a tracer with a sub-nanomolar affinity and high selectivity for
neurofibrillary tangles that showed excellent physicochemical properties in a preclinical
observation (Hostetler ef al., 2016). ['*F]MK-6240 has shown characteristics with the potential
to fulfill the criteria for a promising new generation tau tracer, such as reduced brain off-target
binding, fast brain penetration and kinetics, and the absence of brain permeable metabolite. Here,
we aim to quantify [*F]MK-6240 using gold standard methods with metabolite-corrected arterial

input function. In addition, we aim to validate simplified methodologies that are capable of
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bypassing the need for invasive arterial sampling in young and elderly cognitively healthy (CN),

mild cognitive impairment (MCI), and AD.

6.4 Material and Methods

['*FIMK-6240 autoradiography

In vitro autoradiography with ['*F]JMK-6240 was conducted in postmortem brain samples of
patients with antemortem diagnosis of AD (Consortium to Establish a Registry for Alzheimer
Disease (CERAD) positive) (Mirra et al., 1991)) and CN (CERAD negative) obtained from the
Douglas-Bell Canada Brain Bank with the approval of the Brain Bank’s scientific review and
Douglas Institute’s research ethics boards. A total of 7 AD and 7 CN individuals were studied. 6
AD and 6 CN had the cerebellum, hippocampus, and prefrontal regions assessed (1 AD and 1
CN did not have viable hippocampal sections.). 1 AD and 1 CN had the whole hemisphere
sections assessed. The postmortem delay ranged from 8.5 to 18.25 h and 17.25 to 21.25 h in AD
and CN, respectively. Briefly, flash-frozen tissues were cut in 20 um thick sections and thawed
on coated microscope slides using a freezing sliding microtome (Leica CM3050 S) at -15 °C.
The samples were then air-dried, warmed-up to room temperature, and preincubated with 1%
bovine serum albumin in a phosphate-buffered saline solution (pH 7.4) for 10 min to remove
endogenous ligands. These samples were then once more air-dried and incubated with 20.4 MBq
of ["*FIMK-6240 in 600 mL of phosphate-buffered saline solution for additional 150 min.
Subsequently, the tissues were dipped three times inthe phosphate-buffered solution and,
subsequently, dipped in distilled water at 4 °C and dried under a stream of cool air. Finally, the
samples were exposed to a radioluminographic imaging plate (Fujifilm BA SMS2025) for 20

min, and the activity in photostimulated luminescence unit per mm* was calculated using the
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ImageGauge software 4.0 (Fujifilm Medical Systems, Inc.). The activity in each individual’s
brain region was measured in three equidistant regions-of-interest (ROIs) placed by an
experimenter blind to clinical diagnosis. Then, an averaged value of these ROIs was used as the
final region uptake. In order to correct for background noise and nonspecific activity, this uptake
was normalized to the individual’s cerebellar gray matter uptake. T-test assessed the difference
in uptake across diagnostic groups. Further details regarding the in vitro autoradiography

methods may be found elsewhere (Parent et al., 2013).

Participants

AD and MCI patients, young and aged CN individuals were recruited after extensive clinical
assessments at the McGill University Research Centre for Studies in Aging. All participants
underwent a detailed neuropsychological evaluation including Clinical Dementia Rating (CDR)
scale and Mini-Mental State Examination (MMSE), an amyloid-PET scans with ['*F]AZD4694
in order to assess the presence of brain AD pathophysiology, and a tau PET with ['*F]MK-6240.
CN had no subjective or objective cognitive impairment and a CDR of 0. MCI had a CDR of 0.5,
subjective and objective memory impairments, and essentially normal activities of daily living.
AD dementia patients had CDR equal to or greater than 1 and met the National Institute on
Aging and the Alzheimer's Association criteria for probable AD (McKhann et al., 2011). None

of the individuals met the criteria for other neuropsychiatric disorders.

Radiosynthesis
['®F]Fluoride was produced via the '"*O(p,n)'°F reaction in a water target. The target filling was

transferred with a steady stream of argon into a septum-closed vial inside a hot cell, where the
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synthesis of ['*F]JMK-6240 took place. After the delivery of the radioactivity, the module
transferred the fluoride anion onto a quaternary methyl amine (QMA) cartridge where it was
retained, and the target water was transferred into a collection vial for recycling. ['*F]Fluoride
was then eluted off the QMA cartridge and into the reactor with a solution of 1.35 mL of
acetonitrile containing 15 + 1 mg TEA (tetracthyl ammonium). The solution was then evaporated
to dryness repeatedly with additional acetonitrile at a temperature of 95 °C, a stream of nitrogen,
and reduced pressure. After 15 min, a solution of 1-2 mg of the MK-6240 precursor in 0.7 mL
DMSO (dimethyl sulfoxide) was added to the reactor and was heated stepwise to 150-155°C for
about 20 min. During this step, the de-protected final product ['*F]MK-6240 was formed. The
reactor was then cooled to 70°C, and 1.5 mL of high-pressure liquid chromatography (HPLC)
solvent (10mM sodium acetate/ethanol, 75/25) was added. The resulting mixture was transferred
into the injector loop of the HPLC system and purified on a Gemini C6-Phenyl 250 x 10 mm 5
uM HPLC column (Phenomenex Inc.), with a flow of 5 mL/min. The desired product eluted at a
retention time of about 26-28 min. The product peak was collected with a 30-ml syringe
containing 15 mL of water and 50 pL of ascorbic acid. The solution was passed through a C18
Sep-Pak cartridge (Waters Corp.). The cartridge was washed with an additional 10 mL of water.
The product was then eluted from the cartridge into a round flask with 5 mL of ethanol. The
flask was sealed off with a vacuum piece attached to a vacuum pump, and a water bath was
raised to insert the flask into hot water. The HPLC solvent was evaporated to dryness under
reduced pressure, and approximately 5 mL of ethanol was added to the flask via a three-way
stopcock and a line attached to the vacuum piece. The ethanol was evaporated to dryness, and if
any solvent remained visible, another 5 mL of ethanol USP (United States Pharmacopeia) was

added and evaporated again. The dried ['*F]MK-6240 was then dissolved in 9.5 mL of sterile
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phosphate buffer and 0.5 mL of ethanol, then transferred into a 10-mL syringe with an attached
needle. The needle was then removed and the syringe was inserted into the female Luer lock of a
sterile filter, which is part of a pre-assembled bulk vial. Finally, the ['*F]MK-6240 was sterile
filtered into the product vial. ["*F]MK-6240 had an averaged injected dose of 241 (standard
deviation (SD)=23) MBq with a specific activity at the time of injection of 629 (standard
deviation (SD)=330) GBq/umol. [*F]AZD4694 was synthesized according to the previously
published literature (Cselenyi et al., 2012), with an averaged injected dose of 237 MBq (SD=19)

pg and an averaged specific activity at the time of injection of 325 (SD=480) GBg/pmol.

PET acquisitions

PET scans were performed using the Siemens High Resolution Research Tomograph (HRRT)
PET scanner. ['*F]MK-6240 images were acquired dynamically and uninterruptedly in list mode
files between 0—180 min after the intravenous bolus injection of the tracer. ["*F]MK-6240 scans
were reconstructed using an Ordered-Subsets Expectation Maximization (OSEM) algorithm on a
4D volume with 52 frames (12 x 6s, 6 x 18s, 4 x 30s, 5 x 60s, 5 x 120s, 8 x 300s, and 12 x 600s)
(Hudson and Larkin, 1994). ['*F]AZD4694 images were acquired at 40-70 min after the
intravenous bolus injection of the tracer, and the scans were reconstructed with the same OSEM
algorithm on a 4D volume with 3 frames (3 x 600s). A 6-min transmission scan was conducted
with a rotating *’Cs point source at the end of each dynamic acquisition for attenuation
correction. All images were subsequently corrected for dead time, decay, and both random and
scattered coincidences. A head holder was used to reduce head motion during the scan time. In

addition, possible movements during the scanning procedure were corrected using a co-
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registration based method that performs frames' realignment and compensates for emission-

transmission mismatches (Costes et al., 2009).

Image processing
All participants had an anatomical 3D TI1-weighted magnetic resonance imaging (MRI, 3T

Siemens). The image analyses were performed using the Medical Image NetCDF software

toolbox (www.bic.mni.mcgill.ca/ServicesSoftware/MINC). In brief, the T1-weighted images
were corrected for field distortions, segmented, non-uniformity corrected, and processed using
the CIVET pipeline (Zijdenbos et al., 2002). Subsequently, the T1-weighted images were
linearly registered to the MNI reference template space (Mazziotta et al., 1995), whereas the
PET images were automatically co-registered to the individual’s MRI space. Then, the final PET
linear registration was performed using the transformations obtained from the MRI to MNI linear
template and the PET to T1-weighted native image. PET images were then spatially smoothed to
achieve a final resolution of 8-mm full-width at half maximum. ROIs were obtained from the
MNI non-linear ICBM atlas and subsequently reoriented to the individual’s linear space
(Mazziotta et al., 2001). The ROIs were tailored from the frontal, medial prefrontal,
orbitofrontal, precuneus, anterior (ACC) and posterior cingulate (PCC), lateral and mediobasal
temporal, inferior parietal, parahippocampus, hippocampus, insula, occipitotemporal, occipital
pole, and cerebellar cortices as well as from the striatum, pons, and the telencephalon white
matter (cerebellar white matter not included). Subsequently, the ROIs were applied to the
dynamic PET frames to obtain the time—activity curve data. The parametric images and the ROIs
standardized uptake value ratios (SUVRs) were measured for multiple different scan time frames

and were generated using the cerebellar gray matter as the reference. Amyloid-PET positivity
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was determined visually by two raters blind to clinical diagnosis. Further information regarding
the imaging methods pipeline may be found elsewhere (Pascoal et al., 2017, Pascoal et al.,

2017).

['"*FIMK-6240 metabolism

During the ['*F]MK-6240 scans, arterial blood samples were collected with an automatic blood
sampling system (Swisstrace GmbH) throughout the full scanning procedure with a pump flow
rate of 5 mL/min between 0 — 10 min and 0.65 mL/min between 11 — 180 min. Additional 5 mL
samples for metabolite correction were collected manually at 5, 10, 20, 40, 60, 90, 120, and 180
min. A cross-calibrated gamma well counter (Caprac, Inc.) was used to measure the radioactivity
in the whole blood and in the plasma. Briefly, the manual samples were collected with a 5-mL
heparinized syringe and centrifuged at 4000 rpm for 5 min at 4 °C. Then, the plasma was
separated from the blood cells, and 1 mL was diluted with 1 mL of acetonitrile. The samples
were vortexed and once more centrifuged at 4000 rpm for 5 min at 4 °C. Then, the supernatant
was separated and filtered using a Millipore GV 13 mm diameter filter. This supernatant plasma
was injected into the HPLC system (Waters 1525 Binary HPLC pump, Waters Corp.), connected
to a UV/visible detector (Waters 2489 UV/Visible Detector) and a coincidence detector
(Bioscan, Inc.), with a flow rate of 1 mL/min. This dedicated radio-HPLC system used an
isocratic method with a C18 analytical column (XTerra MS C18 Column, 5 um, 4.6 mm X 250
mm) and a mobile phase consisting of 55% sodium acetate and 45% acetonitrile in order to
provide the parent-to-metabolite ratio. The radioactivity estimated with the radio-HPLC system
was denoised to reduce the instability generated by its low levels in the later time frames. After

background correction and cross-calibration with the PET scanner, the blood activity was
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multiplied by both the plasma-to-whole blood and the parent compound fractions in order to

derive the metabolite-corrected plasma input function.

[lsF]MK-6240 kinetic modeling

The kinetic modeling was performed using the KinFit (version 1.7) and PMOD (version 3.8)
software. Using the metabolite-corrected plasma input function, the kinetic parameters of
['"®*FIMK-6240 were initially quantified using a reversible two-tissue compartment model with 4
parameters (2T-CM4k), assuming rapid kinetics between free and nonspecifically bound tracer.
For the 2T-CM4Kk, the total distribution volume (Vr) was measured as K/k, (1+ks/ks) (mL/cm’),
and the binding potential (BP) was directly measured as ks/ky. In this equation, K; (mL/cm’/min)
and ky (1/min) represent the transport rates for the influx and efflux of the tracer across the
blood-brain-barrier, and the rate constants k3 (1/min) and k4 (1/min) represent the exchange from
the non-displaceable (ND; free and nonspecific tracer) to the specific binding compartment and
in return, respectively (Gunn et al., 2001). In addition, a one-tissue compartment model (1T-
CM), irreversible 2T-CM with 3 fitted parameters (2T-CM3k), and Logan linear graphical
method were performed (Logan et al., 1990). The distribution volume ratio (DVR) was
calculated by dividing the Vt from a target region by the distribution volume of a region
assumed to contain only free and nonspecifically bound tracer (Vp; cerebellar gray matter). We
assumed a fractional tissue blood volume of 5% for the aforementioned models. The simplified
reference tissue model (SRTM) and the reference Logan methods both using the cerebellar gray
matter as the reference were also fitted in order to obtain DVRs (BPxp + 1) (Lammertsma and
Hume, 1996, Logan et al., 1996, Wu and Carson, 2002). A k,' value was estimated for each

individual with the SRTM and used in the reference Logan. The model’s goodness-of-fit was
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assessed with R-squared and F-test, while the Akaike information criterion (AIC) was used to
compare the models (Akaike, 1974). T-test compared AIC values from different quantification

methods. We tested the similarity between models with regression analysis based on all ROIs.

Determination of the optimal time window for the SUVR calculation

['®F]IMK-6240 secular and peak equilibria were used to guide the determination of the first time
point used for the SUVR calculation. The shortest scan duration without compromising
reliability was determined by analyzing the stability of SUVRs calculated using different time
durations. Finally, we validated SUVR estimates against the gold standard 2T-CM4k with

metabolite-corrected plasma input function.

The time to reach the secular equilibrium was assumed as the point in which the curves
representing the ratio of the target-to-reference region reached a plateau (Farde et al., 1989).
Similarly, the peak equilibrium was calculated using specific binding curves estimated as the
difference between the target and the reference regions (Cselenyi et al., 2012), where the
equilibrium was defined when dCb(specific binding)/d(t) = 0. The target region used in the
analyses was a composite value from the regions with the highest ligand uptake (precuneus,
posterior cingulate, inferior parietal, and lateral temporal cortices), whereas the reference region
was the cerebellum gray matter. The time-activity curves were normalized for injected tracer

dose and the individual’s weight.

In order to assess the optimal scan duration, we tested the stability of the coefficient of variation

(CV) and the intraclass correlation coefficient (ICC) in SUVRs obtained with progressive longer
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durations (10, 20, 30, 40, 50, and 60 min) (Bartko, 1966, Quan and Shih, 1996). 95% confidence
interval (CI) determined the absence of change in the CV and the ICC among the different
SUVR durations. For each SUVR time duration, a subject’s CV was determined as the average
of CVs obtained within each ROI. ICCs were determined between SUVR time durations using
all individuals’ ROIs. In addition, ICCs were calculated between SUVR and 2T-CM4k DVR and

BP (ks/ks) estimates.

Finally, we estimated the slope, intercept, and R* between 2T-CM4k and SUVRs measured over
the 52 reconstructed time frames in order to ascertain the points with an optimal equivalence

between these two methods.

6.5 Results

In vitro ["*FIMK-6240 autoradiography was performed in postmortem brain tissues from 7 AD
(mean age of death = 72.5 (SD=10), 3 males) and 7 CN (mean age of death = 70 (SD=13), 3
males). The total brain mass was 24% lower in AD (mean = 977 (SD=195) g) than CN (mean =
1,221 (SD=112) g) (P = 0.03). Autoradiographs showed greater ['*FIMK-6240 uptake in AD
than in CN in brain regions that were expected to contain tangles such as prefrontal and
hippocampal cortices, whereas similar uptake was found in the cerebellar gray matter (P = 0.2)

(Fig. 6-2).

In vivo dynamic ["*F]MK-6240 acquisitions were performed in sixteen individuals (4 AD, 3
MCI, 6 elderly CN, and 3 young CN). The demographics and key characteristics of the in vivo

population are summarized in Table 6-1.
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Time-activity curves revealed that the radioactivity appeared rapidly in the brain with an SUV
peak between 2 and 5 min after the ['*F]MK-6240 injection. In young and elderly CN, the time—
activity curves had a uniform rapid washout and were similar in target and reference regions. In
AD and MCI, the radioactivity showed a slower clearance in the regions that were expected to
contain high concentrations of neurofibrillary tangles. Regional time-activity curves from

selected brain regions of all individuals of the population are presented in Figure 6-3.

Plasma analysis revealed that ['*FJMK-6240 has rapid clearance from the blood. The radio-
metabolite analysis suggested only one metabolite, which is more polar than the parent
compound. The metabolite peak was identified in the plasma eluting with a retention time of 4
min, whereas the parent compound appeared at 8 min. After 10 min, approximately 70% of the

parent compound was metabolized (Fig. 6-4A).

The time-activity curves were well described by the 2T-CM4k across individuals and brain
regions (Fig. 6-4B). 2T-CM4k (AIC mean = 11.39 (SD=33)) provided a better fit than the 2T-
CM3k (AIC mean = 69.98 (SD=45)) visually and statistically across subjects and regions (P <
0.0001, t-test). The kinetic parameters derived from the preferred 2T-CM4k are presented in
Table 6-2. The cerebellar gray matter fitted the 2T-CM4k better, whereas the pons showed no
difference in AIC between the fits with the 2T-CM4k and 1T-CM. The Logan graphical model
became linear approximately 80 min after the tracer injection in high binding regions (Fig. 6-

4C).
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The stabilization of specific binding (the difference between target and reference region) and
total/ND binding (the ratio between target and reference region) were observed in 60 and 90 min
for symptomatic individuals, respectively. In young and elderly CN, specific binding and

total/ND estimates were low, and the stabilization was reached earlier (Fig. 6-5).

The CV and ICC analyses performed after the total/ND binding reached equilibrium indicated
that scan acquisitions from 90 to 110 min offer reliable measurements for the ["*FIMK-6240
SUVR calculation (Fig. 6-6). Additionally, ICCs between SUVRs measured from 90 to 110 min
(SUVR g.110) and 2T-CM4k DVRs and BPs (ki/ks) were 0.993 (95% CI 0.99-0.995) and 0.791

(95% CI1 0.7-0.857), respectively.

Using the cerebellar gray matter as the reference, the association between SUVR and 2T-CM4k
showed progressively better goodness-of-fit and these quantification methods showed
progressively more similar estimates using progressively later time frames for the SUVR

calculation, essentially approaching a plateau around 90 min (Fig. 6-7).

In addition, 2T-CM4k DVRs were highly associated with DVRs from the Logan (slope = 0.9872,
R” = 0.9953, Fig.6-8A), reference Logan (slope = 0.8879, R* = 0.9864; Fig. 6-8B), and SRTM
(slope = 0.8658, R* = 0.9846; Fig. 6-8C). Moreover, DVRs using the reference Logan (slope =
1.113, R* = 0.9915) and SRTM (slope = 1.126, R* = 0.9807) were highly correlated with SUVR

90-110 (Fig. 6-8D & E)
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2T-CM4k and Logan Vr estimates in the cerebellum gray matter and pons were the lowest and
had the lowest variance between individuals and across diagnostic groups (Fig. 6-9A). DVR and
SUVR g.119 estimates showed a clear differentiation between MCI and AD from CN (Fig. 6-9B
& C). AD and MCI patients showed the highest binding in the PCC and the precuneus, where the
binding in MCI and AD participants were on average around 4 and 3 times higher than elderly
CN, respectively. ["*FIMK-6240 and ['®F]JAZD4694 SUVR parametric images from all

individuals of the population are presented in Figure 6-10.

6.6 Discussion

We have described here the first human evaluation of the novel PET ligand for neurofibrillary
tangles ['*FIMK-6240 using full kinetic modeling and long scan acquisition duration. In this
early observation, ['®F]MK-6240 was able to differentiate CN from individuals with MCI or AD,
and valid binding estimates were obtained with simplified methods using a reference region such

as SUVR.

['"®FIMK-6240 showed fast brain penetration and kinetics after the injection, and one metabolite
more polar than the parent compound was found. There were no clinically detectable side effects
attributed to the [°F]MK-6240 injection in our population. The fact that V values stabilized
during the scan acquisition in humans, together with a previous preclinical observation,
indirectly supports the notion that there is no radioactive metabolite gradually entering the brain

at significant levels (Hostetler et al., 2016).
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The time-activity curves were well described with 2T-CM4k, and the 2T-CM4k and Logan
graphical method using the plasma input function had similar estimates to the reference Logan,
SRTM, and SUVR. Moreover, reference region methods were highly correlated with each other.
Together, these results further suggest that simplified reference methods offer valid estimates for
the quantification of neurofibrillary tangles in the human brain using ['*F]MK-6240.
Importantly, in our analysis, the estimates from reference methods underestimated 2T-CM4k.
Underestimation of 2T-CM by reference methods have been observed in several other PET
ligands such as [''C]PIB, ['*F]AZD4694, and D2 receptor ligands, and the reasons suggested as
underpinnings of this underestimation vary across ligands (Carson ef al., 1993, Gunn et al.,

1997, Yaqub et al., 2008, Cselenyi et al., 2012, Zhou et al., 2012).

Vr values were the lowest in the cerebellar gray matter, pons, striatum, and white matter. The
lowest variance between cognitively healthy and demented individuals was found in the
cerebellar gray matter and pons, suggesting these two regions to have the highest potential to be
used as reference. Importantly, these regions are reported to be relatively unaffected by
neurofibrillary tangles in histopathological AD studies (Braak and Braak, 1991). Since the time-
activity curves in the cerebellar gray matter were more stable across subjects, which is expected
since it is a larger region, this region was chosen as the reference region. In our analysis, the
cerebellar gray matter fitted the 2T-CM4k. Similarly, the fact that more than one compartment is
needed to describe a reference region has already been observed with other imaging agents for
protein aggregates (Price et al., 2005, Cselenyi et al., 2012). In the case of [ "FIMK-6240, it is
unclear whether the uptake in the cerebellar meninges may contribute to this finding. Although

the BP (ks/ks) values of the cerebellar gray matter overlapped across the diagnostic groups for
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some of the individuals, symptomatic individuals had a slightly higher Vr than CN, suggesting

that future studies should assess the ['*F]MK-6240 binding in the reference regions.

The moment in which the specific binding peaks and the moment that the target-to-reference
region ratio approaches the plateau have been designated as the peak equilibrium (Cselenyi et
al., 2012) and transient (Carson et al., 1993) or secular (Farde et al., 1989) equilibrium,
respectively. Both of these parameters of equilibrium have been used for previous PET studies
(Olsson and Farde, 2001, Wong et al, 2010, Cselenyi et al., 2012). In the present study,
averaged [ "F]MK-6240 cortical-to-cerebellar gray matter ratio curves showed a constant relative
increase, reaching an asymptote after 90 min. Therefore, this parameter suggested 90 min as the
earliest time point for the SUVR calculation, while the SUVRs’ stability analysis suggested that
there is no benefit in acquisitions longer than 20 min for scans starting 90 min post-injection.
Taking these observations together, we determined scans performed at 90 to 110 min post-

injection to have an optimal trade-off between duration and reliability.

As a sub-nanomolar affinity tracer, ['*F]MK-6240 reached equilibrium earlier (60 min) in low as
compared with medium and high binding regions, where the ratio between the total/ND binding
stabilized after 90 min. Therefore, SUVRs calculated with frames obtained earlier than 90 min
leads to a progressively higher underestimation of tau pathology among low, medium, and high
load regions. As a consequence, it is expected that SUVRs estimated earlier than 90 min will
underestimate the rate of tau accumulation over time. In the context of anti-tau clinical trials,
SUVRs obtained before 90 min will reduce the drug effect size since pre-treatment estimates will

present a higher underestimation than post-treatment estimates. Studies in other sub-nanomolar
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affinity tracers, such as the D2 receptor ligands, have already shown the pitfalls of using early
time windows for binding estimation in tracers with distinct times to reach the equilibrium in

regions with low- and high-density receptors (Olsson and Farde, 2001).

MCI and AD patients showed ['*FJMK-6240 uptake across the whole brain cortex, with the
highest binding in the PCC, precuneus, inferior parietal, and lateral temporal cortices. Regional
['®FIMK-6240 bindings measured with arterial input function and simplified reference methods
were able to distinguish MCI and AD from CN. /n vitro autoradiography further supported
greater contrast of ['*FJMK-6240 uptake in AD than age-matched CN across the aforementioned
regions. This regional uptake is consistent with the pattern of neurofibrillary tangle deposition
that was previously described in post-mortem studies of AD and supports ['*FIMK-6240 as a
promising ligand for measuring neurofibrillary tangles in the human brain (Braak and Braak,

1991).

Apparent differences in binding sites between ['*FJMK-6240 and the other available tau tracers
were observed in this evaluation. For example, in contrast to the other ligands for neurofibrillary
tangles, [ *F]MK-6240 had minimum uptake in the striatum, which despite being known as a
region with low tangles concentration, is one of the major binding sites of the other available tau
tracers (Saint-Aubert et al., 2017). Moreover, the time-activity curves and quantification
methods suggested similarities in [°F]MK-6240 retention between young and elderly CN
individuals within the associative neocortical brain regions that are expected to contain low
tangle density in these populations. Together, these initial results support [ *F]MK-6240 as a

ligand with high brain selectivity to neurofibrillary tangles. It is important to mention that
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possible off-target binding of ['*F]MK6240 was observed in regions including the retina,
ethmoid sinus, substantia nigra, and dura mater. However, since some of these findings were not

consistent among participants, these observations require further validation.

This study has methodological limitations. The absence of confirmation of the presence of
neurofibrillary tangles with specific antibodies is a limitation of our in vitro study. The small
sample size is a limitation of our in vivo study. However, the subjects studied here had a wide
range of dynamic ['*F]MK-6240 uptake, which allowed the evaluation of the tracer kinetics in
individuals with low and high binding. Future studies should address the test-retest reliability of
['"FIMK-6240 and definitively confirm whether the ['*F]JMK-6240 radioactive metabolite does
not appear in the brain in a significant amount. Since the HPLC has limited sensitivity in
detecting low radioactivity counts (Price et al., 2005), a further study using a more sensitive
method of measuring the parent fraction is underway to completely define the limitations of
quantifying ['*F]MK-6240 using simplified methods. ['*F]MK-6240 had the highest uptake in
the precuneus and PCC. Previous postmortem observations did not relate these brain regions
with the neurofibrillary tangles patterns typically found in AD (Braak and Braak, 1991). In
contrast, a recent PET study has shown that neurofibrillary tangles accumulation in the PCC is
highly associated with AD pathophysiology (Jack et al., 2018). This study highlights that the
PCC may have been overlooked by postmortem observations that do not traditionally assess
neurofibrillary tangles in this region (Jack et al., 2018). Although we have focused on PCC for
some of our kinetic analysis, it is important to emphasize the importance of other brain regions
such as the medial temporal cortex to the AD pathophysiological process. In addition, although

our results suggest ['*FJMK-6240 binding as an indicator of AD-related tangles, it is important to
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mention that the association of this binding with the clinical staging and natural history of AD
can be determined only by larger longitudinal studies. Since our population was limited to
controls and individuals across the AD spectrum, more studies are needed to determine [ *F]MK-

6240 binding properties associated with other non-AD tauopathies.

6.7 Conclusions

To conclude, ['*FIMK-6240 displayed favorable pharmacokinetics with rapid brain penetration
and washout. In this early observation, ['*F]JMK-6240 discriminated MCI and AD from controls
using methods with plasma input function or simplified SUVR estimates. ["F]MK-6240 is a
promising new generation tau radiotracer with the potential to be employed in the evaluation of

disease-modifying therapies and future diagnostic use.
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6.8 Tables and Figures

Table 6-1. Demographics and key characteristics of the in vivo population.

Young Elderly MCI AD
CN CN

No. 3 6 3 4
Age, y, mean (SD) 22.3(1.5) 67.8(85) 69(3.4) 60.7 (6)
Male, no. (%) 2(67) 5(83) 2(67) 3(75)
MMSE, mean (SD) 30 (0) 29.5(0.5) 25(2.6) 17.3 (5.8)
APOE ¢4, no. (%) 0(0) 4 (67) 1(33) 2 (50)
Amyloid-PET +, no. (%) 0(0) 1(17) 3 (100) 4 (100)

AD, Alzheimer’s disease; CN, cognitively healthy; MCI, mild cognitive impairment; MMSE,
mini-mental state examination; PET, positron emission tomography; SD, standard deviation; vy,
years.

Table 6-2. Kinetic parameters obtained with the 2T-CM4k.

Region K, k, ks Kk, Vi Ki/k, ki/ky AIC R’
Asymptomatic
individuals
Cer GM 0.327 (0.08) 0.235 (0.00) 0.025 (0.03) 0.046 (0.04) 2(0.1) 1.39 (0.36) 0.41(0.3) -11(2.8) 0.99 (0.00)
PCC 0.343 (0.03) 0.237 (0.04) 0.021 (0.01) 0.044 (0.01) 2.2(0.1) 1.48 (0.42) 0.56 (0.52) -33.7(4.3) 0.99 (0.00)
Symptomatic
individuals
Cer GM 0.230 (0.02) 0.125 (0.02) 0.009 (0.01) 0.01 (0.00) 3.4(0.8) 1.88 (0.37) 0.86 (0.5) -2.0(55) 0.99 (0.00)
PCC 0.246 (0.08) 0.099 (0.01) 0.052 (0.03) 0.01 (0.00) 14.2 (5.6) 2.45 (0.56) 5.11(2.6) -3.7(17) 0.99 (0.00)

Mean and standard deviation of the kinetic parameter obtained with the reversible two-tissue
compartment model (2T-CM4k) in the cerebellar grey matter (Cer GM) and posterior cingulate
cortex (PCC) of asymptomatic (young and elderly cognitively healthy) and symptomatic (mild

cognitive impairment and Alzheimer’s disease) individuals who underwent arterial sampling.
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Figure 6-2. ["*FIMK-6240 autoradiographs of post-mortem brain tissues of AD and CN
individuals.

Cerebellum Prefrontal cortex | Hippocampus Whole brain hemisphere
CN AD

The figure shows in vitro autoradiography of postmortem brain tissue from the prefrontal (PFC)
and the hippocampal (Hip) cortices, as well as from the cerebellum and the whole hemisphere of
Alzheimer’s disease (AD) and cognitively healthy (CN) individuals. Similar total uptake was
found in the cerebellar gray matter (Cer GM) of CN and AD (P = 0.2). AD individuals had
higher relative uptake (ratio with the Cer GM) than the CN in the PFC and Hip cortices (P <
0.001). Total uptake was measured with photostimulated luminescence unit per mm”,
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Figure 6-3. Regional time-activity curves from selected brain regions for all individuals of
the population.
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Regional standardized uptake value (SUV) time—activity curves of ['*F]MK-6240 in the pons
(A), cerebellar gray matter (GM) (B), and posterior cingulate cortex (PCC) (C) for all
participants. The green dots represent young and elderly cognitively healthy, whereas the blue
dots represent mild cognitive impairment and Alzheimer’s disease individuals.

Figure 6-4. Chromatography, model compartmentalization, and data fit of ["*F|MK-6240.
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(A) Chromatogram showing the parent compound and the metabolite of ['*FJMK-6240 in counts

per minute (cpm) in a representative AD participant. (B) Reversible two-tissue compartment
model (2T-CM4k) fit in time-activity curves from the posterior cingulate (PCC), temporal, and
anterior cingulate (ACC) cortices, as well as cerebellar gray matter (GM) of a representative
mild cognitive impairment (MCI) individual. (C) The Logan graphical plot became linear
approximately 80 min after the injection in the PCC of the representative MCI individual.
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Figure 6-5. ['"*FIMK-6240 uptake reaches equilibrium during the scan time.
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The curves show the mean of specific (A) and total/non-displaceable (ND) (C) binding across
diagnostic groups over different scan acquisition time points and the area between the bars
represents the standard error of the mean. The variation (A) of specific (B) and total/ND (D)
binding was calculated as the difference between the averaged uptake value in a given time point
to the averaged uptake value in the subsequent time point. The variation of specific and total/ND
binding approached zero in frames starting in 60 and 90 min for both mild cognitive impairment
(MCI) and Alzheimer’s disease (AD) subjects, respectively. Elderly and young cognitively
healthy subjects (CN) reached the aforementioned equilibria earlier. The target and ND regions
assumed in the curves were a composite value from the regions with the highest ligand uptake
(precuneus, posterior cingulate, inferior parietal, and lateral temporal cortices) and the
cerebellum gray matter, respectively.
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Figure 6-6. SUVRs measured from 90 to 110 min provide reliable ['"*F]MK-6240 estimates.
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(A) The dots and bars represent the coefficient of variation (CV) and the 95% confidence
interval (CI), respectively, assessed for each individual’s regions-of-interest (ROIs) and averaged
within groups using standardized uptake value ratios (SUVRs) measured with different durations
after the tracer reached equilibrium (90 min, see Fig. 4). (B) The dots and bars represent the
intraclass correlation coefficient (ICC) and the 95% CI, respectively, performed between SUVRs
calculated using progressively longer frames. The 95% CI analyses suggested no differences in
SUVR estimates measured using acquisitions equal to or longer than 20 min for ['*FIMK-6240
scans starting 90 min post-injection.
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Figure 6-7. SUVRs measured in later time frames had progressively more similar estimates
than the compartmental analysis.
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(A) The dots represent the results of regressions between standardized uptake value ratios
(SUVRs) obtained from different scan acquisition times and the distribution volume ratio (DVR)
obtained with the reversible two-tissue comportment model (2T-CM4k) across subjects and brain
regions. The association between SUVR and 2T-CM4k showed progressively better goodness-
of-fit (R?) and these quantification methods showed progressively more similar estimates (slope
closer to 1 and intercept closer to 0) when using progressively later time frames for the SUVR
calculation. Although the strength of the relationship showed a constant increase until the end of
the experiment, it approached the asymptote of the curve in 90 min post-injection. The scatter
plots show the association between 2T-CM4k DVRs and SUVRs calculated from (B) 50-70, (C)
70-90, (D) 90-110, and (E) 160-180 min. SUVRs calculated before 90 min post-injection
underestimated 2T-CM4k in regions with moderate and high binding, but not in low binding

regions.
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Figure 6-8. Comparisons between different quantification methods for ['*FIMK-6240.
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The scatter plots show regressions performed across individuals and brain regions between the
(A) Logan vs. reversible two-tissue comportment model (2T-CM4k), (B) reference Logan vs.
2T-CM4k, (C) simplified reference tissue model (SRTM) vs. 2T-CM4k, (D) SUVR gp.119 Vvs.
reference Logan, and (E) SUVR o110 vs. SRTM. Figures A-C include the individuals who
underwent arterial blood sampling, whereas D and E include all participants.
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Figure 6-9. Quantification estimates across clinical diagnosis and brain regions.
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The horizontal bar in the plots represents the mean. (A) The plots show the total volume of
distribution (Vr; mL/cm’) values obtained with the Logan graphical method using the plasma
input function in individuals who underwent arterial blood sampling. (B) The plots show
distribution volume ratio (DVR) values obtained with the reference Logan and (C) the
standardized uptake value ratio values measured between 90 and 110 min (SUVR ¢.110) in all
individuals of the population, both using the cerebellar gray matter as the reference region.
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Figure 6-10. ['*FIMK-6240 SUVR parametric images of all participants.
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The figure shows ['*F]MK-6240 standardized uptake value ratio (SUVR) averaged between 90
to 110 min and [*F]JAZD4694 SUVR maps, overlaid on the individuals’ structural magnetic
resonance imaging, of all individuals of the population. ['*F]MK-6240 images show clear visual
differentiation between symptomatic (mild cognitive impairment (MCI) and Alzheimer’s disease
(AD)) and asymptomatic (cognitively healthy controls (CN)) participants. All AD and MCls, as
well as 1 CN (*) were amyloid-p positive. CDR, Clinical Dementia Rating; MMSE, mini-mental
state examination; y.o, years old.
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Chapter 7: Class I HDAC reduction links amyloid-p and tau with dementia in
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7.1 Preface

In previous chapters, we characterized interactions between amyloid-f, tau, and
neurodegeneration as drivers of AD. However, these studies were based on phenomenological
observations without focusing on a biological mechanism by which these pathologies interact to
drive the disease. A growing body of evidence suggests that changes in the brain environment
due to processes associated with AD may present at the epigenetic level where gene expression
is regulated (Xu et al., 2011, Anderson et al., 2015, Nativio et al., 2018). An important
epigenetic mechanism for controlling gene expression is the modulation of chromatin density by
histone modifications (Grunstein, 1997). Histone modifications, regulated by HDACs I, have
been separately linked to amyloid-p, tau, neurodegeneration, and dementia (Sananbenesi and
Fischer, 2009, Graff et al., 2012, Bie et al., 2014, Zhu et al., 2017, Mahady et al., 2018). Thus,
in Chapter 7, we extended the findings of previous chapters and tested whether HDACs I
modification may be a biological mechanism linking the aforementioned processes with
dementia. Specifically, we designed a study in which living patients simultaneously underwent
brain imaging of amyloid-p, tau, neurodegeneration, and HDACs I biomarkers to test the

associations between these processes at tissue level.

7.2 Abstract

BACKGROUND

The rationale for clinical trials using class I histone deacetylases (HDACs I) inhibitors in
Alzheimer's disease (AD) patients stems from experimental disease models showing HDACs I
upregulation as well as cognitive improvement following HDACs I inhibition. However, this

framework derives exclusively from studies using animal models that develop partial disease
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phenotypes and post-mortem human studies using a small subset of brain regions affected by

AD.

METHODS

To test this framework in living humans, we studied controls and patients across the AD clinical
spectrum using a novel positron emission tomography (PET) agent selective for HDACs I
(isoforms 1-3), amyloid-f PET, tau PET, magnetic resonance, and cognitive and genetic
assessments. Also, we measured HDACI1-3 expressions using Western blotting in post-mortem

brain tissues from AD patients and controls and two transgenic rat models.

RESULTS

We found that HDAC:s I availability is reduced in living AD patients in brain regions vulnerable
to amyloid-f and tau pathologies. Structural equation modeling revealed that HDACs I reduction
mediates the deleterious effects of amyloid-f3 and tau on brain atrophy and cognitive impairment.
Post-mortem analysis confirmed that HDAC I isoforms 1-3 are reduced in AD patients in the
same brain regions identified in vivo. Also, we found HDACI and HDAC?2 reductions in rats
expressing amyloid-f and tau, contrasting with normal levels in rats expressing single amyloid-3

pathology.

CONCLUSIONS
Apart from refuting that HDAC I upregulation is a key element underlying AD pathophysiology,
these results suggest that pharmacological HDAC I inhibition may accelerate symptoms if

administered in AD patients.
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7.3 Introduction

Alzheimer’s disease (AD) is characterized by the brain accumulation of amyloid-f and tau
proteins (Jack ef al., 2013). However, the mechanisms by which these proteinopathies interact to
determine downstream neurodegeneration and cognitive impairment are poorly understood. It
has been proposed that the progressive accumulation of protein aggregates imposes
neuroepigenetic modifications determining the patient’s vulnerability to dementia (Graff et al.,
2012, Graff and Tsai, 2013). Epigenetic regulation of gene expression is essential for
maintaining mammalian cognitive function (Dulac, 2010). Among the epigenetic regulators,
histone acetylation has been frequently associated with AD and other pathological processes in
recent studies (Graff et al., 2012, Graff and Tsai, 2013, Kandel and Kandel, 2014). Acetylation
of histones, which are proteins that DNA wraps around, reduces the electrostatic affinity between
adjacent histones and DNA to configure an open-chromatin structure, allowing gene
transcription (Grunstein, 1997). Increased histone acetylation due to a reduction of class I histone
deacetylases (HDACs I) has been shown to improve learning and memory in rodents (Fischer et
al., 2007, Sweatt, 2007, Guan et al., 2009, Peleg et al., 2010, Lattal and Wood, 2013, Falkenberg
and Johnstone, 2014). Based on these observations, increased HDACs I level has been
hypothesized to impair cognition in neurodegenerative conditions (Sweatt, 2007, Jakovcevski
and Akbarian, 2012, Falkenberg and Johnstone, 2014). Indeed, subsequent studies confirmed
HDAC:s I increase within selected brain regions in multiple animal models of AD and post-
mortem human brain tissue (Graff et al., 2012, Bie et al., 2014, Gonzalez-Zuniga et al., 2014,
Yamakawa et al., 2017, Zhu et al., 2017, Mahady et al., 2018). In some of these models,
increased levels of HDAC I isoform 1 are associated with tau pathology (Mahady et al., 2018),

while increased levels of HDAC I isoforms 2 and 3 are associated with amyloid-f pathology (Bie
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et al., 2014, Zhu et al., 2017). Also, HDAC I inhibitors improve cognition in several mouse
models of AD (Fischer et al., 2007, Kilgore et al., 2010, Cuadrado-Tejedor et al., 2017).
Together, these observations corroborate a framework proposing that AD-related cognitive
decline results from aberrantly increased HDACs I levels (Xu et al., 2011, Graff et al., 2012,
Graff and Tsai, 2013, Falkenberg and Johnstone, 2014, Yang et al., 2017), which has been used
as justification for ongoing clinical trials testing HDAC I inhibitors in AD patients (Cummings et

al., 2018).

The present study was designed to test the hypothesis that HDAC I upregulation is a key element
underlying AD - for the first time - in living patients. We also assessed the magnitude of change
in HDACs I level across the AD clinical spectrum and its association with amyloid-f3 and tau

concentrations.

7.4 Methods

HUMAN PARTICIPANTS

A total of 94 participants aged 18 to 91 years were evaluated (Table 1). The study participants
were from the community or outpatients at the McGill University Research Centre for Studies in
Aging (MCSA) and Massachusetts General Hospital (MGH), Harvard Medical School. In order
to ensure external validity, both sites conducted concomitant but entirely independent studies on
design and analysis. At the end of both studies, the two sites presented their final results blind to
each other’s findings and these results are the ones presented in this study. MCSA participants
had detailed clinical assessments including Mini-Mental State Examination (MMSE), Clinical

Dementia Rating (CDR), and cerebrovascular disease risk with the Hachinski Ischemic scale.
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Cognitively normal (CN) individuals had no objective cognitive impairment and a CDR score of
0. Mild cognitive impairment (MCI) individuals had subjective and objective cognitive
impairments, essentially preserved activities of daily living, and a CDR score of 0.5. Mild-to-
moderate AD dementia patients had a CDR score between 1 and 2, met the National Institute on
Aging and the Alzheimer's Association criteria for probable AD determined by a licensed
physician, and had amyloid-f and tau abnormalities. MGH participants had detailed clinical
assessments including MMSE and CDR. CN individuals had no objective cognitive impairment
and a CDR score of 0. Mild AD dementia patients had a CDR score between 0.5 and 1 and a
clinical diagnostic of AD dementia determined by a licensed physician/nurse practitioner. In both
MCSA and MGH sites, participants were excluded if they had active substance abuse or
inadequately treated comorbid psychiatric conditions, recent head trauma or major surgery, or if
they presented any magnetic resonance imaging (MRI) / positron emission tomography (PET)
safety contraindication. AD patients did not have to discontinue any medication for this study.
Both studies were approved by the appropriate institutional ethics committees (The Douglas
Mental Health University Institute Research Ethics Board, Montreal Neurological Instituted PET
working committee, the Partners HealthCare Institutional Review Board, and the Massachusetts
General Hospital Radioactive Drug Research Committee) and a written informed consent was
obtained from all participants; a surrogate consent was obtained for those patients who did not

have the capacity to consent themselves.

HUMAN MATERIAL
Frozen brain tissues from the posterior cingulate and prefrontal cortices of six patients with ante-

and post-mortem diagnosis of AD (65-80 years old, Consortium to Establish a Registry for
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Alzheimer Disease (CERAD) positive (Mirra et al., 1991)) and nine age-matched CN (CERAD
negative) were obtained from the Douglas-Bell Canada Brain Bank with the approval of the

Brain Bank’s and Douglas Institute’s ethic boards.

ANIMAL USE

All rat work was performed in accordance to the National Institutes of Health and to the Guide to
the Care and Use of Experimental Animals of the Canadian Council on Animal Care following
the approval by the McGill Animal Care Ethics Committee. The rats were kept in ventilated
cages in pairs with environmentally controlled conditions: 12-hours light/dark cycle at 21 °C
with access to food and water ad libitum. Four transgenic McGill-R-Thyl-APP rats (14-16
months old) (Do Carmo and Cuello, 2013), presenting the Swedish double (K670N, M671L) and
the Indiana (V717F) mutations, and their respective control littermates were used for this study.
McGill-R-Thy1-APP rats present human amyloid-f pathology and cognitive impairment at as
early as 6 months, and they do not form neurofibrillary tangles during their lifetime (Do Carmo
and Cuello, 2013). Five transgenic TgF344-AD rats (10-12 months old) (Cohen et al., 2013),
presenting presenilin 1 (PS1IAE9) and amyloid-f protein precursor Swedish mutations, and their
respective control littermates were also assessed. TgF344-AD rats manifest human amyloid-f3
pathology, downstream neurofibrillary tangles, and cognitive impairment at as early as 6 months
(Cohen et al., 2013). We studied male and female rats and the groups were matched for sex. Rats
were sacrificed by decapitation while anesthetized, and the brains were rapidly removed, frozen
in liquid nitrogen-isopentanol solution, and stored at -80°C. The prefrontal cortex and the

posterior portion of the cingulate cortex (retrosplenial) were dissected and used for this study.
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RADIOSYNTHESIS
[''C]Martinostat (Wey et al., 2016), ['*FIMK-6240 (Pascoal et al., 2018), and ['*F]AZD4694

(Cselenyi et al., 2012) were synthesized as previously described.

IMAGE METHODS

At the MCSA site, participants had a 3T MRI (Siemens) and PET scans were acquired with a
brain-dedicated Siemens High Resolution Research Tomograph. [''C]Martinostat images for
quantifying HDACs I (isoform 1,2, and 3) were acquired at 60-90 min after the intravenous
bolus injection of the tracer (Wey et al., 2016). [*FIMK-6240 images for quantifying tau
neurofibrillary tangles were acquired at 90-110 min after the intravenous bolus injection of the
tracer (Pascoal ef al., 2018). ['*F]JAZD4694 images for quantifying amyloid-p were acquired at
40-70 min after the intravenous bolus injection of the tracer (Cselenyi ef al., 2012). PET images
were reconstructed using an ordered subset expectation—maximization (OSEM) algorithm on 4D
volumes. At the end of each PET acquisition, a 6-min transmission scan was conducted with a
rotating *’Cs point source for attenuation correction. PET images were additionally corrected for
motion, dead time, decay, and random and scattered coincidences. The image analysis was
performed wusing the Medical Image NetCDF software toolbox version 2.2

(www.bic.mni.mcgill.ca/ServicesSoftware/MINC). Gray matter density was computed using the

T1-weighted images with voxel-based morphometry. [''C]Martinostat standardized uptake value
ratio (SUVR) images used the telencephalon white matter (Wey et al., 2016), whereas ["*F]MK-
6240 and ['*F]AZD4694 SUVRs used the cerebellum gray matter as reference region (Cselenyi
et al., 2012, Pascoal et al., 2018). Regions-of-interest were tailored using the MNI ICBM atlas.

At the MGH site, MR and PET images were simultaneously acquired on a 3T Siemens TIM Trio
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containing a BrainPET insert. Motion correction was implemented with the MCFLIRT tool.
[''C]Martinostat images were acquired at 60-90 min post-radiotracer injection. MR-based
attenuation correction was applied using Statistical Parametric Mapping—based, pseudo—
computed tomography methodology. PET data were binned and reconstructed using the 3D
ordinary Poisson OSEM algorithm. [''C]Martinostat SUVR images used the telencephalon white
matter. At both sites, PET images were spatially smoothed to achieve a final 8-mm full-width at
half maximum resolution. Although both sites used brain-dedicated PET scanners with high
spatial resolution, which makes the images less susceptible to partial volume effects, we

confirmed all the results using partial volume corrected data (Thomas et al., 2011).

APOLIPOPROTEIN E (APOE) GENOTYPING
APOE genotyping was performed using polymerase chain reaction amplification technique,
followed by restriction enzyme digestion, standard gel resolution, and visualization processes as

described in detail elsewhere (Saykin et al., 2015).

PROTEIN EXTRACTION AND IMMUNOBLOT

Human and rat brain sections were harvested and lysed in RIPA buffer (150mM NacCl, 0.1%
SDS, 0.5% Deoxycholate, S0mM Tris pH 7.5, 1% NP-40) containing complete protease inhibitor
(Roche, Laval, QC). Following centrifugation (10000 rpm, 10min, 4C), the total protein was
collected from the upper phase. Cell lysates were subjected to gel electrophoresis on 4-12%
precast SDS-polyacrylamide gel (SurePAGE™, Bis-Tris, 10x8, 4-12%, 12 wells Genscript,
USA) in MOPS buffer. Separated proteins were transferred onto nitrocellulose membranes in a

wet transfer tank (Bio-Rad) and then probed with antibodies against HDAC1 (ABCAM
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ab19845), HDAC2 (ABCAM ab16032) and HDAC3 (ABCAM y415-ab32369) at a 1:1000
dilutions in all cases for one hour, followed by a secondary anti-rabbit IgG antibody at 1:5000
dilution for one hour. Whenever possible (i.e., for HDAC1 and HDAC2) knockout-validated
antibodies were used. Beta-actin was used as a reference protein (1:5000) and was followed by a
secondary anti-mouse IgG antibody at 1:5000. Blots were scanned and analyzed by ChemiDoc

gel imaging system (Bio-Rad, Mississauga, ON).

STATISTICS AND REPRODUCIBILITY

Statistical analyses were performed using R Statistical software version 3.1.2. Voxel-wise
statistics were performed using MATLAB software version 9.2 with VoxelStats package
(Mathotaarachchi et al., 2016). Biomarker abnormalities were assessed using analysis of
covariance (ANCOVA) with post hoc multiple comparisons as well as two-tailed z-test, whereas
associations between biomarkers were tested with regression and Pearson correlation. Regression
models were adjusted for age, sex, APOE &4 status, years of formal education (model involving
cognition), and two-tailed false discovery rate corrected for multiple comparisons at P < 0.05
(voxel-wise models). Patients’ z-score parametric images were obtained anchored on the
normative data of the elderly CN population. Voxel-wise receiver operating characteristic curve
(ROC), contrasting elderly controls and AD individuals, provided the area under the curve for a
diagnosis of AD. We evaluated the effects of HDACs I on AD using structural equation
modeling with the R package lavaan (MacCallum and Austin, 2000). Meta-models were created
based on expected and hypothesized connections to test the specific hypothesis demonstrated in
each figure (Jack et al., 2013). A bootstrap method tested the statistical significance of the

model’s chi-square value and parameter estimates.
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7.5 Results

Remarkably, we found a consistent reduction in HDACs I availability in individuals with AD
within large brain regions in the posterior cingulate, precuneus, inferior parietal, lateral temporal,
and hippocampal cortices compared with elderly matched controls (Figure 7-11A, and Figs. S1
and S2 in the Supplementary Appendix). In addition, voxel-wise ROC analysis revealed that
HDACs 1 level differentiated AD from elderly controls reaching 100% accuracy in the
aforementioned regions (Figure 7-1B). The above-mentioned results were independently
replicated at a separate enrolment site without previous knowledge of these outcomes (Figure 1C
and 1D). There were no regions with a significant increase in HDACs I level in AD patients in
both enrolment sites. MCI individuals showed intermediary levels of HDACs I between elderly
control and AD individuals, with a significant reduction in inferior parietal and hippocampal
cortices (Figure 7-1E). Voxel-wise z-score maps showed that the HDACs I reduction in MCls
was confined to the same set of brain regions showing downregulation in AD patients (Figure 7-

1F-J).

Subsequently, we tested whether HDACs 1 level associated with the pathophysiological
characteristics of the population. As expected, individuals with MCI and AD dementia had
increased amyloid-f and tau burden and decreased grey matter density (Fig. S3 in the
Supplementary Appendix). Voxel-wise regressions and correlation analysis inside anatomically
segregated brain regions revealed that HDACs I level was independent of sex, APOE ¢4 status,
education, and cerebrovascular disease risk (Fig. S4 in the Supplementary Appendix). Age was
negatively correlated with HDACs I in the prefrontal, medial temporal, anterior cingulate, and

orbitofrontal cortices (Figure 7-2A and 7-2B). In the posterior cingulate, precuneus, inferior
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parietal, and lateral temporal cortices, HDACs I availability negatively correlated with brain
amyloid-f and tau concentrations (Figure 7-2C-F), while it positively correlated with grey matter
density and cognitive performance (Figure 7-2G-J). HDACs I level did not associate with the

aforementioned pathophysiological processes or cognition in any other brain region.

We investigated whether HDACs I level mediates the deleterious effects of amyloid-f and tau on
brain atrophy and cognitive impairment using a structural equation model. The model showed
that HDACs I completely mediate the effect of amyloid-p and partially mediates the effect of tau
on brain atrophy and cognitive impairment (Figure 7-3). Notably, this construct was able to
explain 85.9% and 91% of the variance in brain atrophy and cognitive impairment, respectively
(Figure 7-3). This analysis inferred no direct association between brain atrophy and cognitive
impairment, suggesting that the strong correlation between these two variables is due to the fact
that the same pathological pathways affect both. The model testing the classical sequential
construct of AD progression without using HDACs I level explained 66.8% and 80.1% of the
brain atrophy and cognitive impairment variance, respectively (Fig. S5 in the Supplementary

Appendix) (Jack et al., 2013).

Next, to assess the individual levels of HDAC I isoforms, we compared the abundance of the
HDAC I isoforms 1, 2, and 3 in post-mortem brain tissues from patients with ante and post-
mortem diagnosis of sporadic AD and age-matched controls in regions with and without HDACs
I changes in AD based on in vivo results. Consistent with PET imaging, we found that HDAC1-3
were reduced in the posterior cingulate cortex of AD patients, whereas no significant differences

were found in the prefrontal cortex (Figure 7-4A and 7-4B, and Fig. S6 in the Supplementary
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Appendix). To clarify whether HDACs I reduction is associated with the concomitance of
amyloid-p aggregates and tau pathology in the form of neurofibrillary tangles, which are the two
hallmark pathological features of AD, we measured HDACs I in a rat model that develops only
human amyloid-f pathology (Do Carmo and Cuello, 2013) and for the first time in a rat model
that develops both human amyloid-f and downstream neurofibrillary tangles (Cohen et al.,
2013). We found that the amyloid-p plus tau rat model had a significant reduction in HDACI
and HDAC2 (Figure 7-4C, and Fig. S6 in the Supplementary Appendix), whereas the single
amyloid-p rat model had normal HDACs I level (Figure 7-4D, and Fig. S6 in the Supplementary

Appendix).

7.6 Discussion

The results presented in this study reveal that HDACs I reduction mediates neurodegeneration
and cognitive decline in AD patients, which is in stark contrast to the HDACs I upregulation
described in several previous studies (Graff et al., 2012, Bie et al., 2014, Zhu et al., 2017).
Thus, contradicting the predictions of the mainstream notion (Sweatt, 2007, Falkenberg and
Johnstone, 2014, Yang et al., 2017), our results raise concerns that HDAC I inhibitors might

result in harm, rather than benefit for AD patients.

Supporting our findings, a study showed that p25/Cdk5, a kinase complex involved in AD,
inhibits HDAC1 leading to neuronal cell death (Kim et al., 2008). Also, HDACI1-3 levels have
shown to play a role in maintaining neuronal plasticity and function (Akhtar et al., 2009,
Montgomery et al., 2009, Jiang and Hsieh, 2014) and the HDAC I inhibitor valproate has been

associated with faster brain atrophy and cognitive decline in patients with AD (Fleisher ef al.,
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2011). Although previous post-mortem observations have shown increased HDAC I levels in AD
patients (Graff et al., 2012), these studies exclusively assessed the prefrontal and medial
temporal cortices (Graff et al.,, 2012, Mahady et al., 2018), which are not brain regions
concomitantly affected by high levels of both amyloid-p and tau in early AD stages (Braak and
Braak, 1991). While the medial temporal cortex has low concentrations of amyloid-B, the
prefrontal cortex has low levels of tau pathology (Braak and Braak, 1991). HDACs I reduction in
human brain regions with high amyloid-f and tau load as well as in a rat model of amyloid-f
plus tau support an epigenetic signature associated with the presence of both amyloid-f§ and tau

pathologies (Pascoal ef al., 2017).

Although it is well-established that amyloid-B and tau play a central role in AD (Jack et al.,
2013), HDAC:s I reduction may underscore a mechanism by which these pathologies interact to
drive disease progression, which is one of the most important unanswered questions in AD. The
fact that HDAC 1 is associated with DNA repair and neuronal plasticity brings hope that the
combination of an HDAC I agonist with the existing anti-protein aggregate therapies has the
potential to rectify underlying epigenetic dysregulations and restore, at least in part, cognitive
functioning in patients with AD (Kim et al., 2008, Akhtar et al., 2009, Montgomery et al., 2009,
Wang et al., 2013). Understanding the entire complexity of epigenetic interactions in humans
is imperative to interpreting the results from experimental models before testing epigenetic

therapies in patients with complex brain disorders.
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7.7 Tables and Figures

Table 7-1. Demographics of the human subjects in each study site.

Young CN Elderly CN MCI AD

MCSA MGH MCSA MGH MCSA MCSA MGH
Number of subjects (1) 2 23 15 13 15 16 10
Age, y, mean (SD) 23(1.4) 272(53) 674@83) 63.2(7.8) 72 (7) 69.7 (11.7)  66.9 (8.9)
Male, n. (%) 1 (50) 11 (48) 6 (40) 7 (54) 9 (60) 9 (56) 8 (80)
APOE &4, n. (%) 0(0) - 5(33) - 4 (27) 8 (50) -
Education, y, mean (SD) 17.5 (0.7) - 17.4 (4) - 15.2 (4.8) 14 (4.6) -
MMSE score, mean (SD) 30 (0) - 29.5(0.5)  29.1(0.9) 27 (2.3) 14.4(6.8) 19.9(6.2)
CDR score, mean (SD) 0(0) - 0(0) 0(0) 0.5 (0) 1.4 (0.5) 0.8 (0.34)

Demographic breakdown by study site. MCSA; McGill University Research Centre for Studies

in Aging. MGH; Massachusetts General Hospital.
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Figure 7-1. HDAC:s I level is reduced in patients with Alzheimer’s disease.
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(A) T-statistical parametric map (two-tailed false discovery rate corrected for multiple
comparisons at P < 0.05), overlaid on a structural MRI template, shows the regions where
HDAC:s I level was significantly reduced in patients with AD (n = 16) compared to elderly CN
(n=15). (B) Voxel-wise ROC analysis revealed that HDACs I reduction differentiated AD from
elderly controls reaching 100% accuracy in clusters in the posterior cingulate, precuneus, inferior
parietal, and lateral temporal cortices. (C and D) Replication study confirmed HDACs I
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reduction in patients with AD (n = 10) compared to elderly CN (n = 13) in the same set of brain
regions described above (two-tailed false discovery rate correction at P < 0.05). Importantly,
there was no significant increase in HDACs I level in AD patients in both datasets. e, ANCOVA
and post hoc analyses among young (n = 25) and elderly (n = 28) CN, MCI (n = 15), and AD (n
= 26) individuals in selected brain regions confirmed that HDACs I level is reduced in AD and
showed a significant reduction in MClIs in the inferior parietal and hippocampal cortices, values
are mean + s.e.m. Voxel-wise z-score maps anchored in the elderly CN population, overlaid on
each individual’s structural MRI, showed the patterns of HDACs I reduction in representative
individuals: (F) AD (Clinical Dementia Rating (CDR) = 1) and (G to I) MCIs (CDR = 0.5). (J)
Averaged voxel-wise z-score map of all individuals with MCI, overlaid on a structural MRI
template.

Figure 7-2. HDACs 1 level associates with Alzheimer’s disease pathophysiological
processes.
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T-statistical parametric maps (two-tailed false discovery rate corrected for multiple comparisons
at P < 0.05) of regressions performed at every brain voxel (left side), as well as scatter plots
showing two-tailed Pearson correlation inside selected brain regions (right side) show the
association between HDAC I with: (A and B) age (n = 46). (C and D) amyloid-p (n = 45). (E and
F) neurofibrillary tangles (n = 44). (G and H) grey matter (GM) density (n = 48). (I and J) and
cognition as measured with MMSE score (n = 48) in individuals who underwent amyloid-} or
tau PET biomarkers. Green, yellow, and red dots represent CN, MCI, and AD individuals,
respectively. The composite value in the scatter plots includes the brain regions with significant
HDAC:s I reduction in AD (see Figure 1A)

Figure 7-3. HDACs I level mediates the effects of amyloid-f and tau pathologies on
cognitive impairment.
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The path coefficient values presented in the figure are standardized. Solid arrows represent
significant effects, whereas dashed lines represent non-significant effects. The hypothesized
model fits the data well (n = 44, X* = 1.818, degrees of freedom = 6, P = 0.936, the root mean
square error of approximation (RMSEA) = 0.000 (90% confidence interval [0.000-0.049]),
standardized root mean square residual (SRMR) = 0.029, comparative fit index (CFI) = 1.000,
Akaike information criterion (AIC) = 871.632, and Bayesian information criterion (BIC) =
907.316). The imaging biomarker values were extracted from a composite of brain regions with
significant HDACs I reduction in AD (see Figure 1A). PET biomarker values were adjusted for
age. Grey matter density and Mini-Mental State Examination (MMSE) represented brain atrophy
and cognition, respectively.
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Figure 7-4. Post-mortem analysis shows HDACs I reduction in vulnerable brain regions in
Alzheimer’s disease patients and rats overexpressing human amyloid-p and tau pathology.
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Quantification and representative western blots from brain lysate showed downregulation of
HDACI1-3 in (A) the posterior cingulate cortex (PCC) of patients with AD, whereas no
significant difference was found in (B) the prefrontal cortex (PFC) (CN, n = 7-9 individuals; AD,
n = 5-6 patients). (C) TgF344-AD rats (n = 4-5 rats each), which express human amyloid-f3 plus
neurofibrillary tangles, showed a significant reduction in HDAC1 and HDAC2. (D) McGill-R-

Thyl-APP rats (n =

3-4 rats each), which express human amyloid-f without developing

neurofibrillary tangles, showed normal HDACs I level. (E) Summary of the western blot results.
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See Figure S6 for entire western blot results. * P < 0.05 (two-tailed), one-sample #-test; values
are mean *+ s.e.m. HDAC1-3 levels were normalized to beta-actin as a loading control.
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7.9 Supplementary Material

Figure S1. Voxel-wise HDAC:s I level across diagnostic groups.

SUVR
0.5 m— - 2.0

[''C]Martinostat SUVR parametric images averaged among (A) young (n = 25) and (B) elderly
(n = 28) CN, (C) MCI (n = 15), and (D) AD (n = 26) individuals. [''C]Martinostat uptake is
visually reduced in patients with AD in posterior cingulate, precuneus, inferior parietal, and
lateral temporal cortices.
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Figure S2. Voxel-wise HDAC:s I reduction after correction for partial volume effects.

t-value
-
6.6 -3

t-value
-
-8 -3

T-statistical parametric map, overlaid on a structural MRI template, shows the regions where HDACs 1
level was significantly reduced in patients with AD (n = 16) compared to elderly CN (n = 15) at (A) the
MCSA site, and significantly reduced in patients with AD (rn = 10) compared to elderly CN (n = 13) at

(B) MGH site, after two-tailed false discovery rate correction for multiple comparisons at P < 0.05 and

partial
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Figure S3. Regional diagnostic effects on amyloid-f, tau, and gray matter density.

t-value

t-value
-
-129 -3

T-statistical parametric maps (two-tailed false discovery rate corrected at P < 0.05) revealed
areas with increased amyloid-f deposition in (A) MCIs (n = 14) and (B) AD patients (n = 15);
neurofibrillary tangles accumulation in (C) MCIs (n = 14) and (D) AD patients (n = 15); and
decreased gray matter density in (E) MClIs (n = 15) and (F) AD patients (n = 16) as compared to
elderly CN.

Figure S4. HDACs 1 level does not associate with sex, APOE €4 status, education, or
cerebrovascular disease risk.
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The bar plots show no significant difference in HDACs I availability between (A) males (light
blue) and females (dark blue) and (B) APOE ¢4 non-carriers (light green) and carriers (dark
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green) in individuals who underwent amyloid-f or tau PET biomarkers, values are mean + s.e.m.
P values represent the results of a two-tailed #-test performed inside each diagnostic group. The
scatter plots show no association between HDACs I availability and (C) years of education or
(D) cerebrovascular disease risk assessed with the Hachinski ischemic score. P values represent
the results of two-tailed Pearson correlation. Green, yellow, and red dots represent CN (n = 15),
MCI (n = 15), and AD (n = 16) individuals, respectively. The composite value in the plots
includes the brain regions with significant HDACs I reduction in AD (see Figure 1A).

Figure S5. Structural equation model representing the classical sequential model of AD
progression.

R —— Education|-------------- . :
: 0.204 —— SexX |- ----nnoooann
: -0.324{ o .| 0.200 P
: | Age I .
v y v v
AB —0.749 — Tau | 0699—| Atrophy | ..o | Cognition
(R2=0.668) (R2=0.801)
-0.255 T

The path coefficient values presented in the figure are standardized. Solid and dashed lines
represent significant and non-significant effects, respectively. The classical sequential model of
AD progression fits the data well (n = 44, X* = 5.680, degrees of freedom = 5, P = 0.339,
RMSEA = 0.056 (90% confidence interval, [0.000-0.223]), SRMR = 0.037, CFI = 0.995, AIC =
998.189, and BIC = 1021.383). The imaging biomarker values were extracted from a composite
of brain regions with significant HDACs I reduction in AD (see Figure 1A). PET biomarker
values were adjusted for age. Grey matter density and MMSE represented brain atrophy and
cognition, respectively.
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Figure S6. Western blots of HDACs in humans and rats.
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Western blots in the (A) posterior cingulate (PCC) and (B) prefrontal cortex (PFC) performed in
CN (n=9) and AD patients (n = 6), as well as wild-type (WT) and transgenic (Tg) (C) TgF344-
AD (n = 5 each) and (D) McGill-R-Thyl-APP (n = 4 each) rats. In some of the human PFC
samples (left), we used the same membrane to probe HDACI1-3 (first column). Similarly, in the
PCC of McGill-R-Thy1-APP rats and the PFC of TgF344-AD rats, HDAC1 and HDAC3 were
probed on the same membrane. In these cases, the same B-actin blot within the membrane was
used as a loading control.
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Chapter 8: Discussion

This thesis is composed of six studies and two main parts. The studies in Chapters 2 to 5 present
evidence supporting a synergistic model of biomarkers progression in AD. This synergistic
model challenges the dominant sequential model of biomarkers progression. On the other hand,
the studies in Chapters 6 and 7 were part of the efforts to uncover epigenetic mechanisms behind

these interactions.

8.1 Summary of results
8.1.1 Synergistic model of Alzheimer's disease progression

In Chapter 2, we showed that a synergistic interaction between amyloid-f and tau better
describes metabolic decline in preclinical AD compared to sequential or additive effects between
these pathologies. In Chapter 3, we determined the biomarker thresholds responsible for
triggering the above-mentioned synergy. Complementing these findings, we demonstrate in
Chapter 4 that the synergy between amyloid-f and tau is also a determinant of the clinical
progression to dementia. In Chapter 5, we showed that the synergy between amyloid-f3 and

hypometabolism is associated with cognitive deterioration and dementia.

8.1.2 Epigenetics link Alzheimer's disease pathophysiology and cognitive symptoms

In Chapter 6, we described that the new PET tracer ['*FJMK-6240 has high sensitivity and
specificity for neurofibrillary tangles. In Chapter 7, we demonstrated that HDACs I reduction
links brain concentrations of amyloid-f and tau with degeneration and cognitive impairment in

AD.
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8.2 Discussion and future directions

8.2.1 Synergistic model of Alzheimer's disease progression

The synergistic model supported here integrates models predicting that amyloid-f, tau, and
neurodegeneration sequentially or in parallel drive AD (Jack et al., 2013, Jack et al., 2018),
suggesting that these pathologies may arise at least partially independently and when they
topographically converge at certain levels, they synergistically determine dementia (Duyckaerts,

2011, Sperling et al., 2014).

Although amyloid-f has a clear link with AD, the lack of strong association between amyloid-f3
and AD-related neurological insults or cognitive decline has been interpreted as evidence against
its deleterious effect, as initially proposed by the amyloid-f3 hypothesis (Hardy and Selkoe, 2002,
Jagust, 2016). Thus, one of the most important unanswered questions in AD is how amyloid-f is
related to tau and neuronal injury and how these processes relate to each other to determine
forthcoming dementia (Jagust, 2016). The synergistic construct supported in this thesis suggests
a direct effect of amyloid-B on AD-related processes through its synergy with tau and
neurodegeneration (Figure 8-1). Therefore, this construct strongly links amyloid-f with AD
progression, as initially proposed by the amyloid-f hypothesis, shedding light on one of the most

important unanswered questions in the field of AD.
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Figure 8-1. Graphical representation of the synergistic interactions in Alzheimer's disease.
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The plot shows the representation of the synergistic interactions found in this thesis, where each
parallel line represents a single subject. Progressively higher levels of amyloid-f3 pathology in
association with progressively higher levels of neurofibrillary tangles or neuronal injury lead to
progressively higher rates of disease progression in a dose-dependent manner. Notably, either
amyloid-f or tangles / injury as a single abnormality is insufficient to determine disease
progression.

Indeed, subsequent human results support this model, showing evidence of interactions between
amyloid-f, tau, and neurodegeneration leading to brain structural and functional abnormalities in
preclinical AD (Kulic and Unschuld, 2016, Illan-Gala et al, 2017, Bilgel et al., 2018,
Cummings, 2018, d'Oleire Uquillas et al., 2018, Tardif et al., 2018). Also, previous studies have
proposed that mediobasal temporal atrophy occurs as a function of an interaction between CSF
amyloid-f and p-tau (Desikan et al., 2011, Fortea et al., 2014) and that the association between
CSF amyloid-f and cognition depends on an abnormal p-tau status (Desikan et al., 2012).

Additionally, studies have shown that either amyloid-p or neurodegeneration may be the first
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biomarker abnormality in preclinical AD (Jack et al., 2013) and that cognitive decline in these
individuals is associated with an interaction between amyloid-f and neurodegeneration
(Mormino et al., 2014). A combined effect of amyloid-f and tau, leading to downstream
neurotoxicity, has also been reported in experimental models of AD (Rhein et al., 2009, Ittner et
al., 2010, Ittner and Gotz, 2011, Miller et al., 2011, Shipton et al., 2011, Guo et al., 2013,
Chabrier et al., 2014, Khan ef al., 2014). These studies showed that tau pathology potentiates the
deleterious effects of amyloid-B (Quintanilla et al., 2014), and that reduction in tau levels
alleviates amyloid-induced toxicity (Roberson et al., 2007, Vossel et al., 2010, Vossel et al.,
2015). Likewise, molecular interactions between amyloid-f and tau have shown to enhance
synaptic dysfunction and damage in AD (Manczak and Reddy, 2013). Interestingly, interactions
have already been described in Lewy body disease and frontotemporal lobar degeneration

(Clinton et al., 2010, Freibaum et al., 2010, Wang et al., 2014).

The presence of a synergy between amyloid- and tau on AD progression has direct clinical
implications in predicting possible therapeutic outcomes of anti-amyloid and anti-tau therapies
(Sevigny et al., 2016, Congdon and Sigurdsson, 2018). For instance, based on the synergistic
model, one can expect that therapies targeting either amyloid-f or tau may similarly attenuate
AD progression. In addition, the existence of such synergy suggests that better results can be
achieved using a combined therapeutic approach targeting both proteinopathies simultaneously.
Thus, the synergistic model may serve as the rationale for future combined therapeutic strategies
in AD, similar to what already occurs in other diseases such as tuberculosis and human
immunodeficiency virus infection (Tomaszewski ef al., 2016). The presence of a synergy

between amyloid-p and tau has immediate implications also for the enrichment of clinical trial
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populations. For instance, if amyloid-f and tau merely add their effects on cognitive decline,
patients presenting both proteinopathies would lead to a reduced therapeutic effect of
interventions targeting a single proteinopathy (amyloid-f or tau), given the remaining effect of
the untreated proteinopathy on disease progression. On the other hand, if amyloid-f and tau
determine dementia synergistically, clinical trial populations composed of individuals presenting
both proteinopathies would increase the rates of disease progression without loss of therapeutic
effect. Therefore, the synergistic model predicts that disease-modifying clinical trials should
enrich their populations with carriers of both pathologies rather than focusing only on amyloid-f3
status (Sevigny et al., 2016) in order to increase the rates of progression of participants and

studies' statistical power.

In addition, the presence of a synergistic interaction between pathologies has a direct implication
on the biomarker thresholds used to select individuals with the highest probability of disease
progression. For instance, we proposed in this thesis - for the first time - the concept of amyloid-
B and tau thresholds of imminent neurodegeneration. We have shown that these thresholds are
higher than the standard thresholds used to determine biomarkers abnormality and that they
provide a valuable asset for the enrichment of clinical trials. Specifically, we showed that a
clinical trial using amyloid-f and tau thresholds associated with the triggering of their synergy
would require as little as 174 CN individuals for testing a hypothetical 25% drug effect on
temporal metabolic decline, in contrast to 832 individuals for a trial using standard thresholds.
This is particularly important because although preclinical AD has become the focus of
therapeutic clinical trials given the possibility of achieving better results before the onset of

cognitive symptoms (Dubois et al., 2016), studies in this population using current frameworks
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need prohibitively large sample sizes (Gauthier et al., 2016). For example, a recent study has
proposed that preclinical AD individuals defined using standard amyloid-f and tau thresholds
would require more than 2,000 individuals to test a hypothetical 25% drug effect on changes in
cognition or brain atrophy (Holland et al., 2012). We have also shown in this thesis that the
progression from MCI to dementia is associated with a synergistic effect between amyloid-f3 and
tau in a quantitative dose-response manner. Thus, based on this synergy, it is expected that,
similarly to what we found in CN, the use of progressively more conservative thresholds leads to
progressively higher rates of progression from MCI to dementia (Figure 8-2). Together, these
results show the implications of the synergy between pathologies in the selection of biomarker

thresholds for clinical trials using preclinical AD and MCls.

Figure 8-2. Amyloid-p positive plus tau positive groups segregated using progressively
higher thresholds show progressively higher rate of progression to Alzheimer's dementia.
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Figure (a) shows the Rate of progression to dementia over 2 years in 314 individuals, 47
biomarker negative (amyloid-p (Ap)—/p-tau—), 37 only ['*F]florbetapir positive (Ap+/p-tau—), 62
only p-tau positive (AB—/p-tau+), and 168 ['*F]florbetapir plus p-tau positive (AP+/p-taut).
Figures (b), (¢), (d), and (e) show the rate of progression to dementia as a function of different
threshold values for ['*F]florbetapir or CSF p-tau. Figure (f) shows a plot with 75,044 possible
combinations of thresholds for ['*F]florbetapir and p-tau as a function of progression to dementia
over 2 years (Adapted from the results of the study detailed in Chapter 4 of this thesis).
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We have also shown that the interactions between amyloid-f and neurodegeneration are
associated with dementia. Specifically, we have demonstrated evidence suggesting that early on
in the disease process, amyloid-p leads to the vulnerability in distant brain regions that are
functionally connected but not in the same region, and subsequently, an interaction between this
vulnerability and overlapping amyloid-} is associated with cognitive decline. This dual effect of
amyloid-p, leading first to tissue vulnerability in distant brain regions and after to cognitive
decline, has important therapeutic implications supporting the use of anti-amyloid therapies early
on in the disease process, even with evidence showing no regional association between amyloid-
B and brain insult (Rabinovici et al., 2010, Altmann et al., 2015). Although our results indicate
that this vulnerability is caused by remote effects of amyloid-p, other elements likely potentiate
this vulnerability, such as other brain proteinopathies, age- and genetic-related factors (Mattson

and Magnus, 2006, Kreisl et al., 2013, Lesne et al., 2013, Savas et al., 2015) (Figure 8-3).

Figure 8-3. The topographic overlap of amyloid-p and metabolic vulnerability is associated
with dementia symptoms.

Amyloid-B Vulnerability
/ Factors: Factors:
Age * Distant amyloid-8
Genetics | Dementia' - Age
Others \ » Genetics

| Spatialoverlap  *© Other proteinopathies
(Tau, TDP-43, a-synuclein..)

Vascular

Others
Clinically N Clinically
_stable stable

The regional interaction between amyloid-p aggregation and neuronal vulnerability is associated
with dementia. The illustration shows the factors that contribute to the increase of amyloid-3
aggregation and vulnerability.
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It is important to mention that the results presented in this thesis supporting a synergy between
pathologies leading to AD have important limitations. First, diseases biomarkers are proxies
rather than direct measures of brain pathology; therefore, biomarker measurements are highly
subject to analytical and methodological idiosyncrasies. The results were generated with ADNI
subjects; a multicenter study of self-selected individuals who were willing to participate in a
dementia study. The multicentric character of ADNI imposes important methodological
limitations on the analysis of biomarkers, since different enrollment sites use different equipment
and methodology, whereas self-selection may lead to samples that do not represent a general
population. Also, we used CSF p-tau as a proxy of the brain's neurofibrillary tangles. Thus, the
lack of tau PET is a limitation of the aforementioned results. Notably, evidence supporting
amyloid-p leading to tau pathology and the presence of cognitive impairment in non-AD
tauopathies (independent of amyloid-B) seemingly challenges a synergistic model for AD
progression. However, deleterious interactions between other peptide aggregates have already
been described in non-AD proteinopathies (Clinton et al., 2010, Wang et al., 2014). Also, it is
important to note that the synergy between amyloid-p and tau leading to downstream disease
progression does not exclude the possibility that these proteinopathies may arise sequentially
(e.g., amyloid-B triggering the spreading of tau over the neocortex early on in the disease

progression (Sperling et al., 2014)).

Future human studies should use combined long-term sequential measurements of AD-related
biomarkers at multiple time points to better assess their temporal relationships and to better
differentiate between sequential and synergistic effects. Also, future work could test the presence

of a synergy between pathologies using an experimental longitudinal approach with transgenic
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animal models. In a controlled environment, these studies could test whether an animal model
expressing amyloid-f and tau pathologies shows greater cognitive deterioration than the sum of

the deteriorations of models expressing single amyloid-f or tau pathology.

Overall, these results have increased our understanding of the complex pathophysiological
interactions involved in the progression of AD, which we believe to be an essential step in the

development of more effective therapeutic strategies for AD.

8.2.2 Epigenetics link Alzheimer's disease pathophysiology and cognitive symptoms

The evidence that other pathophysiological processes (Hostetler et al., 2016, Koga et al., 2017,
Ng et al., 2017), rather than neurofibrillary tangles, strongly influence the brain signal of the
first-generation tau tracers has motivated us to carry out the methodological validation of a new
second-generation tau tracer before starting the last study of this thesis. In this validation, we
showed that ['*F]MK-6240 has favorable pharmacokinetics, distinguishes cognitively impaired
from unimpaired individuals, and that simplified methods such as SUVR provide estimates
similar to those obtained with golden standard methods using plasma input function. Most
importantly, ['*F]JMK-6240 showed a deposition pattern similar to that reported by
histopathological studies of neurofibrillary tangles, along with negligible brain off-target
binding. For instance, ['*F]MK-6240 showed low binding in the striatum, which despite having
been shown to have low levels of tangles in postmortem studies, is one of the most important
binding sites of the first-generation tau tracers (Saint-Aubert ef al., 2017). In this study, we

determined that ['*F]MK-6240 shows apparently high selectivity for neurofibrillary tangles and
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is a viable biomarker to be practiced in large cohorts using simplified quantification approaches

without the need for arterial lines and long scan durations.

The existing framework proposing epigenetic mechanisms in the diathesis of AD states that
HDAC:Ss I upregulation drives cognitive decline. This framework is unanimously supported by
several preclinical studies (Fischer et al., 2007, Sweatt, 2007, Kilgore et al., 2010, Xu et al.,
2011, Graff et al., 2012, Konsoula and Barile, 2012, Zhang and Schluesener, 2013, Bie et al.,
2014, Falkenberg and Johnstone, 2014, Gonzalez-Zuniga et al., 2014, Cuadrado-Tejedor et al.,
2017, Yamakawa et al., 2017, Yang et al., 2017, Zhu et al., 2017, Cao et al., 2018) and provides
the rationale for ongoing clinical trials using HDACs I inhibitors as AD therapeutics (Cummings
et al., 2018). However, one of the limitations of this construct comes from the fact that it is
derived exclusively from studies using animal models that develop incomplete disease
phenotypes (e.g., models that express human amyloid-f but not downstream tau pathology) or
human postmortem studies using the prefrontal and mediobasal temporal cortices (Graff ef al.,
2012, Mahady et al., 2018). Notably, these regions are not concomitantly affected in early
disease stages by high pathological levels of the two hallmark features of AD, amyloid-f and tau
(Braak and Braak, 1991). In fact, little is known about HDACs I concentrations in the majority
of brain regions vulnerable to AD such as the precuneus, posterior cingulate, and inferior parietal
cortices. Thus, the link between AD pathophysiology and HDACs I could be better investigated
using brain imaging techniques in living patients. Although, until recently, this remained
technically challenging due to the absence of in vivo brain HDAC biomarkers, recent progress in
radiochemistry enabled the production of a PET molecular imaging agent capable of quantifying

HDACs I in living people. This PET agent ([''C]Martinostat(Wey et al., 2015, Wey et al.,
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2016)) allows unprecedented investigation of the associations between brain concentrations of
HDAC:S I, amyloid-B, and tau across the entire brain, in particularly in those areas with known

vulnerability to AD pathophysiology.

Using [''C]Martinostat, we found that a reduction in HDACs I level mediates the effects of
amyloid-f and tau on neurodegeneration and cognitive impairment in patients across the AD
spectrum (Figure 8-4). Post-mortem analysis anatomically guided by the in vivo imaging
confirmed the reduction of class I HDAC isoforms 1, 2, and 3 in brain regions affected by both
amyloid-p and tau in AD patient. Additional validation conducted in two transgenic rat models
corroborated that class I HDACs reduction is a tissue signature associated with the concomitance
of the two pathological hallmarks of AD, amyloid- and tau pathologies. As a whole, these
findings refute the notion that HDACs I upregulation is part of the pathogenesis of AD, which is
unanimously described in previous studies performed on experimental models of the disease
(Graff et al., 2012, Bie et al., 2014, Zhu et al., 2017). Several reasons may explain the
discrepancies between our results and the current literature. Firstly, previous studies measured
class I HDACs from a small subset of brain regions affected by AD and in a small subset of
brain regions affected by AD and have extrapolated their findings to represent the entire brain
disease process (Graff et al., 2012). Secondly, previous post-mortem validations did not measure
HDAC S I in regions highly affected by both hallmark pathological features of AD, amyloid-f3
and tau (Mahady et al., 2018). Finally, previous studies used mouse models that either did not
express human amyloid-f or when expressed, did not develop downstream tau pathology (Graff
et al., 2012, Bie et al., 2014, Gonzalez-Zuniga et al., 2014, Yamakawa et al., 2017, Zhu et al.,

2017, Mahady et al., 2018). Altogether, these findings have important implications for numerous
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drug-developing programs by alerting clinical trialists to the dangers of repurposing therapies
form the cancer research to complex brain disorders such as AD without robust validation in

patients or models that well-represent the diseases process.

Figure 8-4. Regions with high levels of amyloid-p and neurofibrillary tangles show
reduction in HDACGC:s I level.

Amyloid- Tau HDACs |

uptake

The figure shows two representative individuals from our cohort. The white arrow indicates that
in AD, brain regions with high concentrations of both amyloid-p plaques (['*FINAV4694 PET)
and neurofibrillary tangles (['*FJMK6240 PET) show reduced levels of HDACs I
([''C]Martinostat).

In addition, the results presented in this thesis, obtained from the analysis of the entire brain

HDAC I concentrations in living people, support a novel conceptual framework in which

increased amyloid-P and tau levels impose local suppression of HDACs I in the subjacent cortex,
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which in turn leads to cognitive deterioration. Importantly, the fact that we found HDACs I
downregulation exclusively in regions of the human brain showing high amyloid-f and tau levels
and in a rat model of amyloid-f and tau pathologies, but not in a rat model of amyloid-f single
pathology, supports this HDACs I reduction as an epigenetic signature associated with the

coexistence of amyloid-f and tau (Pascoal et al., 2017) (Figure 8-5).

Figure 8-5. The presence of amyloid-p plaques and neurofibrillary tangles dysregulates
epigenetic landscape leading to neurodegeneration and dementia.

a b

HDACs | availability —— © '
o

Reduced O.‘C?oo 7
HDACs | availability o © %

DNA inaccessible © . >
(Gene inactive) Normal gene DNA accessible ° Increase gene

a (Gene active) 2
/ expression expression
Histone
Histone \
P
f
y

Dysregulation of trophic and
degeneration-related factors

A Neuronal
B plaques dysfunction
.

®AB oligomers

\\

Healthy neuron Neuronal degeneration

The co-occurrence of amyloid-f plaques and tau tangles in the brain tissue leads to a reduction in
HDAC:s 1, which increases histone tail acetylation, diminishes the electrostatic affinity between
histones and DNA and configure an open-chromatin structure. This eventually leads to an
abnormally increased gene expression and dysregulations of its downstream processes, including
ribonucleic acid (RNA) signaling and protein' encoding.

From this new paradigm, one can predict that the rectification of abnormally reduced HDAC I
tissue concentrations could mitigate AD progression. In addition, the fact that HDAC I is

associated with neuronal plasticity (Kim et al., 2008, Akhtar et al., 2009, Montgomery et al.,

2009, Wang et al., 2013) raises the hope that an HDAC I agonist can rectify the underlying
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epigenetic dysregulations, restoring cognitive function in AD. Importantly, there are numerous
available therapeutic agents capable of modulating the expression of HDACs 1 (e.g.,

Theophylline increases HDACs I level (Ito et al., 2002)), which can potentially be tested in AD.

The conclusions derived from these results have limitations. For example, the lack of preclinical
AD individual carriers of amyloid-B and tau pathologies imposes limitations to define the best
window of opportunity for testing an HDACs I agonist in AD. Thus, in order to propose a
disease-modifying intervention based on this novel target, it is crucial that future studies describe
HDAC:s I reduction in preclinical AD. Also, the cross-section design of the study limits possible
inferences about the causal relationships between HDACs I, amyloid-f, and tau. Therefore,
future work showing the longitudinal dynamics of brain levels of HDACs I, amyloid-f, and tau

would be highly desirable.

Together, our results refute the current framework derived from experimental disease models
suggesting HDACs I upregulation as a key element involved in AD (Graff et al., 2012) and,
instead, suggest HDACs I downregulation as the mechanism linking the interactions between

AD-related pathophysiological processes with dementia.

8.3 Conclusion

The studies detailed in this thesis shed light in the complex pathological interactions associated
with AD. These studies support synergistic interactions between amyloid-f, tau, and
neurodegeneration as driving forces behind disease progression. Importantly, rather than refuting

amyloid-p as the key trigger of AD, the synergistic interaction model suggests the brain
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convergence of pathological pathways as the crucial element leading to dementia. Therefore, this
framework highlights that amyloid-p, rather than being a mere trigger, remains a crucial
pathological process during the subsequent phases of AD progression. Specifically, we showed
the synergy between amyloid- and tau as a driving force leading to metabolic decline in brain
regions related to AD in CN subjects (Chapter 2), and the existence of thresholds associated
with this synergy that can provide important information to clinical trialists to select CN
individuals who are more likely to progress pathophysiologically (Chapter 3). In later stages of
the disease, we demonstrated that interactions between amyloid-§ and tau (Chapter 4) as well as
neurodegeneration (Chapter 5) play important and independent roles in the clinical progression
from MCI to dementia. Finally, using amyloid-B PET, HDACs I PET, as well as the novel tau
tracer [ *'F]MK6240, which we showed to be highly specific for tangles (Chapter 6), we found
evidence that epigenetic dysregulations imposed on brain tissue may be the key element linking the
above-mentioned processes with dementia (Chapter 7). Characterizing the epigenetic mechanisms
associated with the interaction between the multiple pathophysiological processes associated with
AD has the potential to provide the key to fill the gaps in our understanding of the pathogenesis of

AD and point to a cure.
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