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1.1. Epidemiology

1. Alzheimer’s disease

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and the most common
form of dementia worldwide. The vast majority of AD cases are characterized by a late-onset,
affecting people over 65 years old. Its etiology remains unclear but increasing evidence

strongly points to the role of multiple risk factors in the development of the disease.

AD patients progressively develop cognitive alterations including memory loss as well as
behavioral and psychiatric symptoms that ultimately affect their quality of life. Additionally,
their gradual loss of autonomy results in a greater dependence on caregivers and high

economic costs to society.

The definitive diagnosis of AD is based on the association between clinical signs evoking an
AD-type dementia and typical neuropathological changes occurring in the brain. These include
extracellular amyloid plaques and intracellular neurofibrillary tangles, respectively resulting
from B-amyloid peptides and tau proteins misfolding and abnormal aggregation.

Neuroinflammatory and neurodegenerative processes also characterize AD pathology.

To this day, most available treatments are symptomatic and used to temporarily improve
cognitive functions without slowing the progression of the disease (“2021 Alzheimer’s disease
facts and figures,” 2021). Recently in 2021, the first monoclonal antibody directed against AB
aggregates has been approved by the Food and Drug Administration (FDA) although its

benefits remain limited (Cavazzoni, 2021).

To address this major public health challenge, several animal models have been developed

over the last decades in an attempt to better characterize AD pathology.

1.1. Epidemiology

AD is a major public health issue of the 215t century with devastating impacts on individuals,
caregivers and societies. It is the commonest cause of dementia among the elderly, accounting
for an estimated 60% to 80% of all cases. In 2021, AD was reported to affect 44 million people
worldwide, including 1.1 million individuals in France (“2021 Alzheimer’s disease facts and

figures,” 2021; Dumurgier and Sabia, 2020). As life expectancy increases and the population

15



1. Alzheimer's disease

ages, these numbers are expected to double by 2050 (Hebert et al., 2001). Indeed, both AD
prevalence and incidence increase dramatically with age, rising respectively from 5.3% and
0.4% among 65 to 74 years old, to 34.6% and 7.6% among people age 85 and older (“2021

Alzheimer’s disease facts and figures,” 2021).

1.2. Etiology and risk factors

AD is a multifactorial disorder which greatest risk factor is age. Although its etiology remains
unclear, it is likely driven by a complex interplay between genetic, biological and psychosocial

factors across the lifespan.

1.2.1. Genetic factors

Several genetic factors have been identified, but only a small proportion of AD cases can
directly be attributed to specific gene mutations. In most cases, it is assumed that multiple

risk factors act in concert to increase the risk for AD (Figure 1).

GENETIC LANDSCAPE OF ALZHEIMER’S DISEASE

PSEN PSEN
1 2

APP

o o =

| Disease-causing |

=
|

High risk

0

Effect size/risk of disease

Medium risk

O

Low risk

Very rare Very common
Variant frequency in the general population

Figure 1: Genetic landscape of Alzheimer’s disease

Familial AD-associated genes, including disease causing mutations in amyloid precursor
protein (APP), presenilin 1 (PSEN1) and presenilin 2 (PSEN2) and high risk factor APOEe4 are
represented in the blue area. Common variants with low risk for AD are presented in the
orange area. The first rare variant with intermediate risk for AD, j.e. triggering receptor
expressed on myeloid cells 2 (TREM2), is shown in the green area (Guerreiro et al., 2013).

16



1.2. Etiology and risk factors

1.2.1.1. Familial AD

Early-onset familial AD (fAD) represents 2 to 5% of all AD cases (Blennow et al., 2006). fAD
cases are caused by rare autosomal dominant mutations in the amyloid precursor protein
(APP), presenilin 1 (PSEN1) or presenilin 2 (PSEN2) genes involved in B-amyloid (AB)
metabolism (Mayeux, 2003). These mutations have a high penetrance and result in an increase
in ABazrelative levels, promoting its aggregation and leading to the early-onset of AD, typically

between the ages of 30 and 60 (Hardy and Selkoe, 2002; Mayeux and Stern, 2012).

1.2.1.2. Susceptibility genes

The vast majority of AD cases occur on an apparently sporadic basis and are characterized by
a late-onset, as they usually occur after 65 years old. Despite the absence of identified
mutations directly causing the disease, family history is a well-established risk factor for
sporadic AD. Indeed, heritability has been evaluated at approximately 80% (Gatz et al., 2006)
and first-degree relatives of AD patients have a greater risk to develop AD dementia than the
general population (Green 2002). Additionally, genome-wide association studies (GWAS) have
identified many susceptibility genes and highlighted the importance of genetic polymorphism
in the development of AD. Among them, the apolipoprotein E (APOE) and the microglia-
associated triggering receptor expressed on myeloid cells 2 (TREM2) genes show the highest

risk for AD (Figure 1) (Guerreiro et al., 2013).

1.2.1.2.1. Apolipoprotein E gene (APOE)

The APOE gene is the most important susceptibility gene and was shown to influence both
late-onset sporadic AD and early-onset fAD (Kunkle et al.,, 2019; Pastor et al.,, 2003).
Polymorphism in the APOE gene results in three allelic variants (€2, €3 and €4), each one
associated with specific impacts on Ap metabolism, accumulation and clearance in the brain
and cerebrovasculature (Verghese et al., 2011). Additionally, the ApoE protein is involved in
lipid homeostasis, notably by acting as a cholesterol transporter in the brain, as well as in
synaptic activity, neuroinflammation and response to neuronal injury (Verghese et al., 2011).
In the general population, the €3 allele is the most frequent. In contrast, it is estimated that
around 80% of familial and 65% of sporadic late-onset AD patients carry the €4 allele,

compared to 30% of control subjects (Corder et al., 1993; Verghese et al., 2011). The €4 allele
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increases the risk for AD by three-fold in heterozygotes and twelve-fold in homozygotes
(Holtzman et al., 2012), as opposed to the €2 allele which is associated with a decreased risk.
Moreover, each copy of the €4 allele reduces the age of AD onset by nearly 10 years (Corder
et al., 1993). Overall, approximately 15-20% of AD cases are attributable to the €4 allele (Qiu
et al., 2004).

1.2.1.2.2. Triggering receptor expressed on myeloid cells 2 (TREMZ2)

More than 30 AD risk loci have been identified and over 50% of them have been implicated in
microglial and innate immune cell function (Shi and Holtzman, 2018). Particularly, rare
variants in the TREM2 gene have been identified as important risk factors for AD (Colonna and
Butovsky, 2017). The R47H loss-of-function mutation is the most clearly associated with AD
and increases the risk for AD by approximately three-fold (Jonsson et al., 2013). Interestingly,
it has been suggested that this mutant likely impairs TREM2-mediated microglial function by

altering AP peptide phagocytosis, clearance and plague compaction (Dourlen et al., 2019).

1.2.2. Vascular factors

The vascular hypothesis of AD is supported by strong evidence from epidemiologic,
neuroimaging and neuropathological studies. Cerebrovascular diseases, such as stroke,
increase the risk of dementia by two-fold and have been associated with the occurrence of
cognitive impairment, possibly resulting from the destruction of brain parenchyma,
hypoperfusion and AB accumulation (Honig et al., 2003; Mayeux and Stern, 2012).
Furthermore, cardiovascular comorbidities at midlife including hypercholesterolemia and
uncontrolled hypertension, as well as obesity and tobacco use also increase the risk of
dementia in later life (Kivipelto et al., 2001; Whitmer et al., 2005). Similarly, type 2 diabetes

increases the risk of developing AD by two-fold (Mayeux and Stern, 2012).

1.2.3. Psychosocial factors

Psychosocial factors have also been associated with the risk of developing AD dementia.
Evidence suggests that higher education, social engagement, mental and physical activities in
late life could have a protective effect against dementia (Fratiglioni et al., 2004; Stern, 2006).

Interestingly, neuroimaging studies have shown that a greater participation in cognitively
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stimulating activities across the lifespan is correlated with a decrease in hippocampal atrophy

rate (Valenzuela et al., 2008) and reduced AR plaque deposition (Landau et al., 2012).

The reserve hypothesis has emerged from these associations and posits that psychosocial

factors can participate in enhancing an individual’s cognitive reserve. As opposed to brain
reserve which reflects brain anatomy (i.e. the number of neurons and synapses), cognitive
reserve is an indicator of brain function that encompasses the notions of neural reserve (i.e.

the susceptibility of brain networks to disruption) and neural compensation (i.e. brain

plasticity and ability to activate alternative networks to compensate disrupted ones) (Stern,
2009, 2002). Accordingly, similar amounts of brain pathology should not have the same effects
on different individuals, as the ones with a higher cognitive reserve can more effectively cope
with brain pathological changes (Stern, 2012). Higher cognitive reserve has indeed been
associated with a 46% risk reduction of developing dementia (Stern, 2012) and recent
evidence suggest that it also attenuates the risk of dementia in APOE€4 carriers (Dekhtyar et
al., 2019). However, once AD first symptoms appear, patients with high cognitive reserve show
a more rapid decline suggesting that in these individuals, clinical manifestations emerge at a

more advanced stage of the disease (Stern et al., 1999).

1.3. Clinical signs

AD is characterized by an insidious onset and a progressive impairment of cognitive functions
disrupting daily life activities and resulting in a complete loss of autonomy. AD cardinal
symptoms typically include memory loss, alterations in instrumental and executive functions,
attention deficits as well as behavioral and psychological changes. However, AD is clinically
heterogeneous and atypical presentations can also emerge from its various subtypes (see § 2.

Sporadic AD heterogeneity).

1.3.1. Memory impairment

Memory impairment is the earliest and most common sign of AD. Memory can be divided into
short-term memory, associated with working memory, and long-term memory. The latter is

composed of:
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- Non-declarative or implicit memory, including procedural memory associated with

unconsciously acquired and automatically retrieved information to perform learned

cognitive and motor skills;

- Declarative or explicit memory, associated with the conscious storage and recollection

of information that can be expressed verbally. It encompasses semantic memory, i.e.
general knowledge such as facts and theoretical concepts, and episodic memory, i.e.

personal experiences associated to a specific spatiotemporal context.

In AD, working and episodic memory are typically disrupted at early stages as patients show

difficulties in learning new information (Jahn, 2013).

1.3.2. Instrumental, executive and attention deficits

Alterations in instrumental functions characterize AD patients who gradually develop
language impairment (aphasia), alterations in voluntary motor skills (apraxia) and perception
deficits (agnosia). Executive dysfunction moreover manifests with challenges in planning,
decision-making, problem-solving and impaired judgment. Additionally, patients also display
spatial and temporal disorientation (“2021 Alzheimer’s disease facts and figures,” 2021;

Blennow et al., 2006).

1.3.3. Behavioral and psychiatric changes

Behavioral modifications typically occur in AD patients. They can manifest early in the disease
and include changes in mood and personality, depression and apathy. Furthermore, patients
may become agitated, aggressive and psychotic with signs of delusions and hallucinations as

the disease progresses (Li et al., 2014).

1.4. AD diagnosis

As pathological changes occur in the brain prior to clinical manifestations, the most recent
diagnostic criteria include preclinical phases of AD and are based on biomarker evaluation
along with clinical, neurological and psychiatric examination. Nonetheless, the definitive

diagnosis of AD is based on the association between clinical signs evoking AD-related
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dementia and typical neuropathological changes observed in the postmortem brain (McKhann

et al.,, 2011).

1.4.1. Clinical diagnosis

1.4.1.1. AD continuum

The spectrum of AD spans from the appearance of asymptomatic brain changes to dementia
and symptoms interfering with daily life. AD continuum is divided into three main phases:
preclinical AD characterized by biomarker-positive changes without symptom occurrence,

mild cognitive impairment (MCI) characterized by subtle cognitive changes that do not

interfere with everyday activities and AD dementia which can be qualified as mild, moderate

or severe depending on the impact of the symptoms on everyday activities (Figure 2). The rate
of conversion from one stage to another highly varies between individuals and is influenced
by many risk factors, including age, genetics and biologics (“2021 Alzheimer’s disease facts
and figures,” 2021). However, it is worth mentioning that not all patients presenting with AD-
related brain changes go on to develop AD, nor do all MCI patients convert to dementia.
Interestingly, it has been estimated that approximately 15% of MCI individuals develop
dementia within two years and 32% within five years (“2021 Alzheimer’s disease facts and

figures,” 2021).

o~

Mild Moderate Severe

Symptoms interfere Symptoms interfere Symptoms interfere

with some daily with many daily with most daily
activities \ activities activities

Figure 2: Alzheimer’s disease continuum

AD continuum is divided into three main phases: preclinical AD characterized by biomarker-
positive changes without symptom occurrence, mild cognitive impairment (MCI) associated
with mild cognitive changes without interference on daily life and AD dementia, qualified as
mild, moderate or severe, according to the severity of symptom interference on everyday
activities. Adapted from (“2021 Alzheimer’s disease facts and figures,” 2021).
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1.4.1.2. Clinical criteria

AD clinical diagnosis relies on the interview of the patient and their relatives as well as clinical
and physical examination. Standardized neuropsychological tests including the Mini-Mental
State Examination (Folstein et al., 1975) and the Clinical Dementia Rating (Hughes et al., 1982)

are routinely used to assess cognitive decline.

1.4.1.2.1. Criteria for a dementia syndrome

The diagnosis of dementia is based on the National Institute of Neurological and
Communicative Diseases and Stroke — Alzheimer's Disease and Related Disorders Association
(NINCDS-ADRDA) criteria revised in 2011 (McKhann et al., 2011) and the Diagnostic and
Statistical Manual of Mental Disorders (DSM-V) criteria. It can be made in the presence of
cognitive or behavioral symptoms that interfere with daily life and lead to a decline in
comparison with previous performances. Additionally, cognitive deficits should not be better
explained by other mental disorders (American Psychiatric Association, 2013; McKhann et al.,

2011).

According to the 2011 NINCDS-ADRDA criteria, cognitive impairment should involve at least
two of the following symptoms: difficulty in learning or remembering new information,
executive dysfunction such as impaired reasoning or poor judgment, visuospatial or language
deficits, changes in mood or personality (McKhann et al., 2011). In comparison, the DSM-V
posits that dementia, also referred to as major neurocognitive disorder, is characterized by a
significant cognitive decline affecting one or more cognitive domains including learning and
memory, language, executive function, complex attention, perceptual-motor or social

cognition (American Psychiatric Association, 2013).
As opposed to dementia, MCl is characterized by very mild cognitive symptoms such as subtle
alterations in memory and thinking, without a significant impact on everyday life.

1.4.1.2.2. Criteria of AD-related dementia

The diagnosis of AD-related dementia can be made with different levels of certainty ranging

from definitive to probable and possible AD. The definitive diagnosis of AD dementia relies on

the presence of both AD clinical dementia and AD core lesions observed in the postmortem

brain (see § 1.4.2. Neuropathological diagnosis). Probable AD dementia is associated with an
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insidious onset and clear evidence of gradual worsening of cognitive functions. Possible AD
dementia diagnosis should be made when the core clinical criteria for AD dementia are met
but are associated with an atypical course of progression, insufficient documentation of
progressive decline or evidence for mixed pathology (American Psychiatric Association, 2013;

McKhann et al., 2011).

Additionally, blood tests and neuroimaging can be performed in the differential diagnosis to
exclude alternative causes of dementia including Lewy body diseases, frontotemporal lobar

degeneration (FTD), vascular and metabolic dementia and brain tumor (Lane et al., 2018).

1.4.1.3. Biomarker-based evaluation of AD neuropathological changes

Neuropathological changes associated with AD progression can be assessed in vivo using

biomarkers that reflect amyloid pathology (A), tau burden (T) and neurodegeneration (N) (see

§ 1.5. AD biomarkers). AD preclinical stage is characterized by the presence of both amyloid
and tau deposits (A+, T+, N-), while symptomatic stages appear as neurodegeneration begins
(A+, T+, N+) (Jack et al., 2018). Using biomarkers, MCl or dementia can be attributed to

underlying AD pathology with high, intermediate or low likelihood (Lane et al., 2018).

1.4.2. Neuropathological diagnosis

Postmortem brain neuropathological examination remains the gold standard for defining AD.
According to the 2012 National Institute on Aging-Alzheimer’s Association Guidelines, the
definitive diagnosis of AD is based on the morphology, density and neuroanatomical
distribution of amyloid plaques, neurofibrillary tangles (NFTs) and neuritic plagues observed
through a variety of histological staining. Indeed AD is characterized by the highly stereotyped
spreading of amyloid plaques and NFTs throughout the brain as described by Thal and Braak
staging schemes, respectively. Together with the semiquantitative evaluation of neuritic
plaques based on the Consortium to Establish a Registry for AD (CERAD) criteria, the level of
AD neuropathological changes are summarized by an ABC scoring system that helps in the

definite diagnosis of AD.
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1.4.2.1. Thal phases

Amyloid plaques first appear in the neocortex (Thal phase 1), before expanding to the
allocortex, including the entorhinal cortex, hippocampus and cingulate gyrus (Thal phase 2).
In Thal phase 3, amyloid deposits reach the subcortical nuclei, including the striatum, the
cholinergic nuclei of the basal forebrain as well as the thalamus and hypothalamus. The
brainstem is affected in phase 4, including the substantia nigra, reticular formation, inferior
and superior colliculi, while the cerebellum and the brainstem pons, including the raphe nuclei
and locus coeruleus, begin to display AB lesion during phase 5 (Figure 3) (Thal et al., 2015,
2002). Of note, cognitively unimpaired individuals can often manifest Thal 1-3 amyloid phases

(DeTure and Dickson, 2019).

Figure 3: Thal phases for amyloid plaque deposition pattern

Thal phases are based on the progressive deposition of amyloid plagues in the neocortex
(phase 1), the allocortex and limbic regions (phase 2), diencephalon and basal ganglia (phase
3), brainstem (phase 4) and cerebellum and brainstem pons (phase 5). Adapted from (Thal et
al., 2015).

1.4.2.2. Braak stages

NFT and neuropil thread (NT) deposition begin in the transentorhinal cortex with lesions
appearing in the perirhinal region (Braak stage 1) and the entorhinal region (Braak stage Il). In
Braak stage lll, ghost tangles begin to develop in the transentorhinal cortex whereas NFTs
spread to the CA1l region of the hippocampus and the subiculum, as well as to the
magnocellular nuclei of the basal forebrain and anterodorsal nucleus of the thalamus. In Braak
stage IV, NFTs can be observed in the CA4 region of the hippocampus. The basolateral nuclei
of the amygdala along with parts of the putamen and accumbens nucleus display both NFTs
and NTs. Additionally, neuritic plagues (NP) appear in the corticomedial complex. In stage V,

NTs and ghost tangles become more abundant in affected areas and NPs appear in CAl. The
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isocortex and temporal lobes are involved, and most association cortices become affected by
stage VI. The primary sensory cortex displays NTs and some NFTs, and the primary motor
cortex mainly displays NPs in layer Ill. Moreover, the thalamic anteroventral and reticular
nuclei, the hypothalamus, striatum and substantia nigra become involved (Figure 4) (Braak et

al., 2006; Braak and Braak, 1991).

Stages |-l Stages llI-IV Stages V-VI

Figure 4: Braak stages for tau deposition pattern

Tau deposition begins in the transentorhinal cortex, affecting the perirhinal (stage 1) and
entorhinal regions (stage ll). In Braak stage Ill, NFTs spread to the hippocampal formation,
basal forebrain and thalamus. Braak stage IV is associated with the involvement of the
amygdala, putamen and accumbens nucleus. In stage V, the isocortex and temporal lobes are
involved and most association cortices become affected by stage VI. Adapted from (Goedert
et al.,, 2014).

1.4.2.3. Neuritic plague CERAD score

Neuritic plaque frequency is determined using a semiquantitative scoring system elaborated
by the Consortium to Establish a Registry for AD (CERAD). Four levels of neuritic plaque density

are described in the CERAD standardized protocol: none, sparse, moderate and frequent.

Coupled with patient age and a clinical history of dementia, the CERAD score reflects the level
of certainty regarding AD diagnosis, ranging from “no evidence of AD” to “possible AD”,

“probable AD” and “definite AD” (Mirra et al., 1991).

1.4.2.4. ABC scoring system

The ABC scoring system relies on the semiquantitative measures of AD neuropathological
changes based on amyloid Thal phase (A), NFT Braak stage (B) and neuritic plaque CERAD score

(C). The combination of A, B and C scores reflects the degree of AD-associated lesion changes

that can range from no change to low, intermediate or high changes (Table 1) (Montine et al.,
2012).
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A C B
AB Thal phase Neuritic plaque NFT Braak stage
CERAD score Oor -l -1v V-VI
0 None No
None to sparse Low
1-2
Moderate to frequent
3 None to frequent Intermediate
Low Intermediate

None to sparse
4-5

Moderate to frequent High

Table 1: ABC scores for AD neuropathological changes

The assessment of AD neuropathological changes based on amyloid Thal phase (A), NFT Braak
stage (B) and neuritic plaque CERAD score (C) results in an ABC score. This score reflects the
degree of AD-associated lesion changes that can range from no change to low, intermediate
or high changes (in grey). Adapted from (Montine et al., 2012).

It is worth mentioning that 20 to 40% of non-demented individuals display enough amyloid
plagues and NFTs to validate a neuropathological diagnosis of AD (Blennow et al., 2006). In
symptomatic patients, intermediate and high ABC scores provide an adequate explanation for
cognitive impairment or dementia. However, the presence of comorbidities should also be
evaluated as they could account for the clinical deficits (Montine et al., 2012). Indeed, mixed
pathology defined as the co-occurrence of other neurodegenerative disorders (including Lewy
bodies diseases, TAR-DNA-binding protein 43 (TDP-43) proteinopathies and argyrophilic grain
disease) and/or non-degenerative pathologies (including cerebrovascular and metabolic
diseases), is frequently observed in AD patients and can contribute to dementia (Rahimi and
Kovacs, 2014). As a result, only one third of definite AD patients have pure Alzheimer
pathology (Lim et al., 1999). Interestingly, brain regions affected by AD neuropathological
changes are also vulnerable to the pathological deposition of other proteins such as a-
synuclein and TDP-43 (DeTure and Dickson, 2019). Around 70% of sporadic AD patients display
a-synuclein-positive lesions in the amygdala and limbic regions (Hamilton, 2000) and patients
with fAD associated with mutations in presenilin genes develop increased levels of Lewy body

pathologies (Leverenz et al., 2006; Snider et al., 2005).
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1.5. AD biomarkers

A biomarker is defined as a quantifiable characteristic that can be used as an indicator of

normal biological processes, pathogenic processes or response to an exposure or intervention

(Califf, 2018). The association of various biomarkers assessed in biofluids, e.g. cerebrospinal
fluid (CSF) and blood, or through imaging, can yield a highly sensitive and specific diagnostic
tool for AD. Their clinical application is however still limited. They can be used to help for the
diagnosis of unusual forms of AD (e.g. in young subjects) and are also used to enroll patients

in clinical trials.

As AD pathology begins decades before symptom onset, a recent shift occurred in AD
definition from a syndromal to a biological construct. AD is considered as a continuum and its
progression can be evaluated in living patients using biomarkers reflecting its core lesions e.g.
amyloid pathology (A), tau pathology burden (T) and neurodegeneration (N) (Table 2) (Jack et
al., 2018).

Biofluid biomarker Imaging biomarker
(A) - ABa

Amyloid pathology | - AB42/AB4o ratio
(M

Amyloid PET

Phospho-tau Tau PET
Tau pathology
(N) - Anatomic MRI
Total tau
Neurodegeneration - FDG PET

Table 2: Overview of ATN biomarkers

AD pathological progression can be assessed in vivo using biofluid and imaging biomarkers of
amyloid pathology (A), tau pathology (T) and neurodegeneration (N). Adapted from (Jack et
al., 2018).

The ATN biomarker profile results from the binarization (normal — or abnormal +) of each of
the three biomarker groups previously mentioned. Depending on their ATN profile, and
independently of any clinical signs, patients can be categorized into three groups: individuals
with normal AD biomarkers (A-T-N-), individuals in the AD continuum (any A+ profile, e.g. A+T-

N-, A+T+N-, A+T+N+, A+T-N+) or as suspected non-Alzheimer’s pathophysiology (SNAP) cases
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(i.e. normal amyloid but abnormal tau and/or neurodegeneration A-T+N-, A-T-N+, A-T+N+)

(Jack et al., 2018).

Many models of AD biomarker evolution have been proposed. In accordance with the amyloid
cascade hypothesis, Jack and colleagues have proposed the hypothetical model displayed in
Figure 5. In this model, amyloid biomarkers first appear in biofluids and imaging, followed by
CSF tau changes, cerebral atrophy detected by magnetic resonance imaging (MRI) and
cerebral metabolism abnormalities assessed by positron emission tomography (PET) imaging.
Cognitive impairment appear last in the progression of the disease. A range of cognitive

response can be observed and depends on each individual’s risk profile (Jack and Holtzman,

2013).
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Figure 5: Model of Alzheimer’s disease biomarker temporal evolution

Amyloid biomarkers (red) first appear, followed by CSF tau modifications (blue), cerebral
atrophy in MRI and cerebral metabolism abnormalities in PET imaging (yellow). Cognitive
impairment appear last in the progression of the disease (green area). A range of cognitive
response can be observed and depends on each individual’s risk profile, shifting to the left for
those with low cognitive reserve and to the right for those with high cognitive reserve (Jack
and Holtzman, 2013).

Interestingly, Duyckaerts and colleagues have proposed another model in which tau pathology
starts before AB deposition (Duyckaerts et al., 2015). They suggest that such pathology
belongs to the AD continuum, as opposed to being a separate disease entity referred to as

“primary age-related tauopathy” (PART) (Crary et al., 2014). In this model, tau deposits are
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first found in the entorhinal cortex and hippocampus in the absence of AB pathology, and are

later observed in the isocortex along with AP deposits (Figure 6) (Duyckaerts et al., 2015).
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Figure 6: Model depicting the evolution of tau and AP depositions in AD

According to this model, AD continuum is first characterized by the occurrence of tau lesions
in the entorhinal cortex and hippocampus (ECH) (NFT stages | to lll or IV) in the absence of AB
pathology (phase 0). Tau pathology later spreads to the isocortex (NFT stages V and VI) where
AP deposits can also be found (phase 1 or higher) (Duyckaerts et al., 2015).

Among the most studied biomarkers, CSF and plasma measures reflect the balance between
amyloid and tau production and clearance at a specific time, without any information on the
specific localization of the changes. Conversely, imaging biomarkers can reveal the
accumulation and propagation of protein deposits in the brain over time, e.g. AB and tau
spatiotemporal depositions, through PET imaging. Moreover, the topographical severity of
neurodegeneration can be evaluated using MRI and fluorodeoxyglucose (FDG)-PET, but their
use can be limited by expense and availability. Compared to lumbar puncture, drawing blood
is technically easier, safer, less invasive and inexpensive. However, blood biomarkers present
with the disadvantage of being expressed in very low concentrations therefore requiring

highly sensitive analytical techniques and are not yet validated AD biomarkers.
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1.5.1. Amyloid biomarkers

1.5.1.1. AB-PET imaqing

Amyloid progressive aggregation can be visualized with PET imaging using compounds that
bind to AB fibrillary forms. Pittsburg Compound B (PiB) labeled with carbon 11 was the first

ligand available (Figure 7).

Thal Phase 0]
PiB SUVR 1.28 1.41 1.53 2.12 2.40

Figure 7: Association between carbon 11-labeled PiB and Thal phases across the AD
spectrum

Increasing PiB-PET positivity assessed by the standardized uptake value ratio (SUVR) is
observed with each subsequent Thal amyloid phase (Murray et al., 2015).

PiB-PET however presents multiple technical limitations, including a 20-minute half-life and
structural constrains including an on-site cyclotron. In addition, it shows poor specificity to
detect MCI patients that would eventually transition to AD (Marcus et al., 2014). More
recently, some fluor-18 labeled fluorinated tracers (florbetaben, flutemetamol) with strong
correlations with postmortem amyloid deposition and PiB, as well as longer half-lives showed
good sensitivity and specificity values in predicting AD progression, including from MClI to full-

blown AD (Martinez et al., 2017a, 2017b).

30



1.5. AD biomarkers

1.5.1.2. Biofluid measurements of AB

Given its direct interactions with the interstitial fluid, the CSF reflects the pathophysiological
changes occurring in the brain of AD patients. In AD, as AR progressively aggregates into
plagues, lower amounts are secreted in the extracellular space and in the CSF resulting in a
decrease in AB4; load (Blennow and Zetterberg, 2018). Indeed, AD patients display a 50%
decrease in CSF AB4; but, although effective to discriminate AD from cognitively unimpaired
individuals, this marker has limited sensitivity and specificity for discriminating AD from non-
AD dementias (Forlenza et al., 2015; Olsson et al., 2016). Conversely, the CSF ABa2/AB4o ratio
yields high predictive value (85% sensitivity and 82% specificity) for the differential diagnosis
of dementia as it normalizes APa4. levels to total amyloid load, reliably represented by ABaso
levels. ABao is indeed the main amyloid species in the CSF and therefore, normalization to APao
concentrations takes into account interindividual variability in amyloid production (Biscetti et
al., 2019). Additionally, and regardless of which tracer is used, CSF ABa2/ABa4o ratio highly

correlates with amyloid PET imaging (Hansson et al., 2019).

Plasma ABa2/ABao ratio reflects with high accuracy the CSF ABa2/ABao ratio and positivity in
amyloid PET suggesting a blood-brain transportation mechanism of AB (Schindler et al., 2019).
However, compared to amyloid-negative individuals, amyloid-positive patients show a 50%
decrease in the CSF APa2/ABao ratio (Olsson et al., 2016) whereas the plasmatic ratio only

decreases by 14-20% (Ovod et al., 2017; Schindler et al., 2019).

1.5.2. Tau biomarkers

1.5.2.1. Tau PET-imaging

The development of tau ligands as a mean to detect tau deposition using PET imaging is limited
by the multiple conformational changes occurring for tau. Off-target binding and retention in
the striatal region have been observed with the first developed ligands (['®F] AV1451 or T-
807). However recently, new promising PET tracers without off-target binding were developed
and showed promising results in improving diagnostic accuracy ([*8F] PI-2620 or [*®F] MK-

6240) (Khoury and Ghossoub, 2019) (Figure 8).
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Figure 8: Fluor 18 labeled-MK-6240 binding patterns in PiB-positive patients recapitulates
the neuropathological staging of NFTs

Fluor 18 labeled-MK-6240 SUVR imaging in PiB-positive individuals, 70 to 90 minutes after
tracer injection, is consistent with the neuropathological staging of neurofibrillary tangles
observed in AD (from high pathology on the left, to low pathology on the right) (Adapted from
Betthauser et al., 2019).

1.5.2.2. Biofluid measurements of phospho-tau

CSF phospho-tau likely reflects tau phosphorylation state and tangle formation. It is a
predictive marker of AD-associated tau pathology and increases in preclinical AD, while only
subtle changes of AR pathology are observed. CSF phospho-tau 181, 231 and 199 levels can
equally discriminate AD from other neurodegenerative diseases and non-demented controls
(Hampel et al.,, 2004). AD is associated with a 200% increase in phospho-tau CSF
concentrations reflecting tau burden (Forlenza et al., 2015). CSF phospho-tau217 shows a
better correlation with tau PET assessed by [18F] flortaucipir uptake. Furthermore, CSF
phospho-tau217 outperforms phospho-taul81 for the differential diagnosis of AD and PET
amyloid-positive patient identification (Barthélemy et al., 2020) and may increase earlier than

CSF phospho-taul81 in response to AB pathology (Janelidze et al., 2020b).

Plasma phospho-taul81 levels changes occur before symptom onset and increase as AD

clinical severity progresses (Mielke et al., 2018; Suarez-Calvet et al., 2020). They also show a
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good correlation with phospho-tau181 levels in the CSF, amyloid and tau PET, cerebral atrophy
and glucose hypometabolism (Mattsson et al.,, 2016; Mielke et al., 2018). Interestingly,
changes in plasma phospho-tau181 occur after CSF and plasma AP changes but before amyloid
and tau PET suggesting that plasma phospho-taul81 may reflect early AB-related tau changes
and could be useful to estimate disease stage (Janelidze et al., 2020a; Palmqvist et al., 2019).
Furthermore, elevated phospho-taul81 levels can predict the conversion to AD dementia in

MCI and cognitively unimpaired individuals (Janelidze et al., 2020a).

1.5.3. Neurodegeneration biomarkers

1.5.3.1. Structural magnetic resonance imaging (MRI)

Brain atrophy assessed by structural MRI is a validated marker of neurodegeneration. Gray
matter volume and cortical thickness evaluated on regional and global scales are classically
used to estimate atrophy (Jagust, 2018). AD patients display a typical atrophy pattern, first
affecting the medial temporal lobe, in particular the hippocampus and entorhinal cortex
(Juottonen et al., 1999), followed by cortical regions along a temporo-parieto-frontal
trajectory, while sensorimotor and visual areas are usually spared until late disease stages

(Figure 9) (Chandra et al., 2019; Matsuda, 2012; Pini et al., 2016).
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Figure 9: Gray matter atrophy according to AD pathological progression

Brain atrophy assessed by voxel-based morphometry analysis first affects medial temporal
structures in MCl and early AD patients. As the disease progresses, it further extends to lateral
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temporal, parietal and frontal cortices. R: right, L: left, P: posterior, A: anterior. (Adapted from
Matsuda, 2012).

Interestingly, this topographical progression correlates with disease progression and clinical
signs (Pini et al., 2016), as well as Braak staging scheme (Braak and Braak, 1991; Matsuda,
2012). Sensitivity and specificity are excellent to differentiate AD from healthy individuals
(above 90% for both) but decreases to around 80% when discriminating AD from other

dementias (Bloudek et al., 2011).

1.5.3.2. FDG-PET imaging

PET techniques can also evaluate neuronal injury by using the glucose analogue *8F-
fluorodeoxyglucose (FDG) to map brain glucose metabolism. Metabolic deficits in AD reflect
alterations in neuronal activity and are widely assumed to reveal synaptic dysfunction
although they could also be associated with disturbance in glial cell function (Jagust, 2018).
Glucose uptake locally decreases in the posterior cingulate cortex and temporo-parietal
regions of AD patients as well as MCI patients that later convert to AD (Anchisi et al., 2005).
As for structural imaging, sensitivity and specificity are excellent to differentiate AD from
healthy individuals (above 90% for both) but decreases when discriminating AD from non-AD

dementias as it reflects nonspecific neurodegenerative processes (Bloudek et al., 2011).

1.5.3.3. Biofluid measurements of total tau and neurofilament light chain

The evaluation of total tau in the CSF provides information regarding neurodegeneration but
is not specific to AD. Indeed, increased levels of CSF total tau occur as a result of both chronic
and acute neuronal degeneration as observed in Creutzfeldt-Jakob disease (Skillback et al.,
2014) as well as following acute stroke (Hesse et al., 2001) or traumatic brain injury (Ost et al.,
2006). AD is associated with a 300% increase in total tau CSF concentrations reflecting
neuronal injury (Forlenza et al., 2015). Moreover, higher levels of CSF total tau and phospho-

tau predict faster clinical deterioration (Wallin et al., 2010).

CSF and plasmatic neurofilament light chain (NfL) evaluation has recently emerged as a
promising marker of neurodegeneration and disease progression. In presymptomatic fAD
patients, serum NfL is predictive for rate of cortical atrophy and cognitive alterations (Preische
et al., 2019). In sporadic AD patients, increase in plasma NfL correlates with amyloid and tau

PET and reflects neuronal injury (Mattsson et al., 2019).
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1.6. AD therapeutic management

Currently approved therapies for AD are mainly symptomatic. They are used to temporarily
manage cognitive symptoms and dysfunction in global activities without affecting disease
progression. Efficacy is however modest and their medical benefits has been evaluated as
insufficient by the French National Health Authority in 2016 (HAS, 2016). The need for disease-
modifying therapies that can module the course of the disease is critical. For this purpose,
clinical research has mainly focused on anti-AB and anti-tau therapies (Vaz and Silvestre,
2020), leading to the FDA approval of the first disease-modifying therapy targeting AB
pathology in 2021 (Cavazzoni, 2021).

1.6.1. Current symptomatic treatments

Symptomatic treatments for AD include cholinesterase inhibitors and N-methyl-D-aspartate

(NMDA) receptor antagonists.

1.6.1.1. Cholinesterase inhibitors

Acetylcholine plays a crucial role in attention, learning and memory. During the course of AD,
cholinergic neurons are destroyed, leading to an overall reduction in brain cholinergic
transmission. Acetylcholinesterase inhibitors reverse this deficiency by preventing
acetylcholine hydrolysis in the synaptic cleft therefore enhancing cholinergic
neurotransmission. Three acetylcholinesterase inhibitors with similar efficacy and tolerance
are currently used in mild to moderate AD: donepezil, rivastigmine and galantamine (Long and

Holtzman, 2019).

1.6.1.2. N-methyl-D-aspartate receptor antagonists

Memantine is a low-affinity non-competitive NMDA receptor antagonist. It is used in
moderate to severe AD for which it has shown modest efficacy and safety profile. Although its
exact mechanism of action is unclear, it may act by decreasing glutamate-mediated
neurotoxicity by preventing NMDA receptor overactivation, thus reducing calcium influx and

restoring synaptic function (Breijyeh and Karaman, 2020; Long and Holtzman, 2019).

35



1. Alzheimer's disease

1.6.2. Promising disease-modifying treatments

1.6.2.1. Anti-Ap therapies

The amyloid cascade hypothesis postulates that AP accumulation and aggregation into
plaques initiates a cascade of events leading to AD pathology (Selkoe and Hardy, 2016). Thus,
different strategies have been explored in an attempt to reduce AB parenchymal levels and
limit its toxicity, including:
- Reducing AB production through the amyloidogenic pathway, using B-secretase
inhibitors, y-secretase inhibitors or modulators and a-secretase promotors;
- Preventing AB aggregation, using agents that bind to soluble AP peptides and inhibit
their aggregation into oligomers, fibrils and plaques;
- Promoting AB clearance through immunotherapy, which can either be “active”, when
AP or its fragments are injected to stimulate the patient immune system, or “passive”,

when monoclonal antibodies directed against AR and its aggregates are used.

Compounds decreasing AP production and aggregation have all failed to show clinical benefits.
However, recently in June 2021, and for the first time since 2003, the FDA has approved the
use of a new drug in AD (Cavazzoni, 2021). Aducanumab (Biogen), a monoclonal antibody
directed against soluble and insoluble aggregates of AB (Arndt et al., 2018), was shown to
reduce AP plaques burden measured by PET-imaging, decrease phospho-tau CSF levels and
have beneficial effects on cognition, function and behavior (Cummings et al., 2021). In parallel,
the efficacy of other immunotherapies is still under evaluation, including phase 11/11l trials with
preclinical AD participants (amilomotide CAD106, Novartis/Amgen) or phase lll trials with
prodromal to mild AD patients (gantenerumab R04909832, Hoffmann-La Roche and BAN2401
Eisai/Biogen) (Vaz and Silvestre, 2020).

Interestingly, sodium oligomannate (GV-971), a marine-derived oligosaccharide that was
shown to reduce AP aggregation, restore the gut microbial profile and lessen brain immune
cell infiltration and inflammation in animal models, also demonstrated solid and consistent

cognition improvement in a phase lll trial conducted in China (Wang et al., 2019).
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1.6.2.2. Anti-tau therapies

As the severity of cognitive impairment strongly correlates with tau pathology, as opposed to

AB (Duyckaerts et al., 1997a), recent efforts have focused on anti-tau therapies and aim to:

Prevent tau abnormal hyperphosphorylation, notably through the inhibition of the

glycogen synthase kinase 38;

Prevent tau aggregation;

Stabilize microtubules, to compensate for physiological tau loss-of-function;

Promote tau clearance, through active and passive immunization.

Most anti-tau treatments are still in the early stages of clinical trials. Notably, a phase Il trial
evaluating the efficacy of leuco-méthylthininium (TauRx therapeutics) in preventing tau
aggregation in mild to moderate AD is ongoing, as well as phase Il trials testing anti-tau
vaccines in mild AD (AADvacl, Axon neuroscience) and anti-tau antibodies in prodromal to
mild AD (gosuranemab BIIB092/BMS-986168 Biogen, tilavonemab ABBV-8E12/C2N8E12
AbbVie, semorinemab RO7105705 Genentech/AC Immune, zagotenemab LY3303560 Eli Lilly)
(Vaz and Silvestre, 2020).

AD drug development has a 99.6% failure rate (Cummings et al., 2014), highlighting the need
for new approaches and a better understanding of AD pathophysiology. Interestingly, it has
been suggested that treatments may be more beneficial in preclinical stages before
neurodegeneration begins. Thus, the development of new biomarkers, validated both in
animal models and humans, is still required to insure an early diagnosis. In addition to clinical
diagnosis, AD biomarker confirmation should systematically be used to include patients in
clinical trials to produce more homogeneous groups. In early phases, brain penetration and
target engagement proof-of-concept should moreover be provided (Briggs et al., 2016;
Cummings, 2018). Finally, the use of appropriate endpoints is essential to identify effective
drugs. In AD trials the most clinically significant endpoint is cognitive improvement. However,
the most widely used tests lack sensitivity to reliably measure subtle changes in cognitive
function (Elmaleh et al., 2019; Posner et al., 2017). Given the complexity of AD pathology,
recent evidence suggests that combination therapies aimed at multiple targets, e.g. AB and
tau but also neuroinflammation and oxidative stress, may be more effective than

monotherapies (Cummings et al., 2019).
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1.7. Pathophysioloqgy

Extracellular amyloid plaque deposition and intraneuronal accumulation of
hyperphosphorylated tau are the main neuropathological hallmarks of AD. However, AD is a
complex disease that also involves vascular aggregates of AB, neuroinflammatory processes,

synaptic alterations and neurodegeneration.

1.7.1. Amyloidosis

1.7.1.1. Amyloid protein precursor processing

AB peptides are the main component of senile plaques and result from the proteolytic
cleavage of the transmembrane APP, an integral membrane protein with a single
transmembrane domain that is especially expressed at the synapses of neurons (Agostinho et
al., 2015). It is involved in neuronal homeostasis including neuronal development, signaling
and intracellular transport but also in synaptic development (Chen et al., 2017). The imbalance
in APP metabolism and APP cleavage products may contribute to amyloid pathology and

neuronal dysfunction in AD.

Depending on the enzymatic cascade that is involved, APP processing can follow two
alternative pathways, either non-amyloidogenic or amyloidogenic. APP is first cleaved either
by a-secretase (non-amyloidogenic) or by B-secretase (amyloidogenic) releasing an N-terminal
ectodomain from the cell surface (sAPPa or sAPPB, respectively) and generating a C-terminal
membrane fragment (83-amino acid CTFa or 99-amino acid CTFB, respectively). The y-
secretase complex, which is composed of four protein subunits (i.e. presenilin, nicastrin,
presenilin enhancer 2 and anterior pharynx-defective 1) further cleaves the CTFs to produce
a C-terminal fragment called APP intracellular domain (AICD) along with non-pathogenic P3
and AB peptides in the non-amyloidogenic pathway or different pathogenic AB species in the
amyloidogenic pathway (Figure 10). The most commonly generated pathogenic AB peptides
are APi-a0 and ABi-42, the latter being more toxic with a greater propensity to aggregate
because of two additional hydrophobic residues in C-terminus (Yoshiike et al., 2003). AB
production predominantly occurs in endosomes and its release is regulated both by pre-

(Cirrito et al., 2005) and post-synaptic (Verges et al., 2011) activity.
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Figure 10: APP metabolism through the non-amyloidogenic and amyloidogenic pathways

APP is first cleaved either by a-secretase (non-amyloidogenic) or by [B-secretase
(amyloidogenic) releasing an N-terminal ectodomain from the cell surface (sAPPa or sAPPj,
respectively) and generating a C-terminal membrane fragment (83-amino acid CTFa or 99-
amino acid CTFB, respectively). The y-secretase complex further cleaves the CTFs into a C-
terminal fragment called APP intracellular domain (AICD) and either non-pathogenic P3 and
AB peptides in the non-amyloidogenic pathway, or pathogenic AB species in the
amyloidogenic pathway (Chen et al., 2017).

Many processes are involved to maintain a proper balance in AB production and elimination.
AP clearance can be mediated by the release of various proteases. Metalloendopeptidases
insulin-degrading enzyme and neprilysin which are thought to preferentially participate in
monomer degradation (Leissring et al., 2003) and their proteolytic activity is promoted by
ApoE, with ApoE2 being the most effective isoform, as opposed to ApoE4 which is the less
effective one (Jiang et al., 2008). As for AB insoluble forms, metalloprotease-9 was shown to
be effective in AB1-40 and AB1-42 fibrils and plaques degradation (Yan et al., 2006). In addition,
cell-mediated clearance (e.g. by microglia) and active transport across the blood-brain barrier
regulated by the receptor for advanced glycation end product (RAGE) (Deane et al., 2003) and
low-density lipoprotein receptor-related protein 1 (LRP1) (Shibata et al., 2000) also participate

in AB regulation. Moreover, glial cells can release ApoE proteins into the brain interstitial fluid
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where they can interact with AB and promote its cellular clearance and conversion into

insoluble fibrils (Holtzman, 2001).

1.7.1.2. AB structural conformations

AB peptides are heterogeneous in size and can range from 37 to 49 residues. AB monomers
are secreted by cells and can progressively assemble into oligomers, protofibrils and fibrils
that can eventually aggregate into plaques in the brain parenchyma and vasculature.
However, aggregation pathways highly depend on AP primary amino acid sequence and

intermolecular interactions (Bitan et al., 2003).

AB monomers are highly hydrophobic 4 kDa-proteins that tend to self-aggregate into larger
amyloid species. They are mainly associated with an a-helix conformation (Agrawal and
Skelton, 2019) and the conversion to a B-sheet structure depends on their C-terminal region

(Mirza et al., 2014).

Soluble AB oligomeric assemblies can range from low molecular weight oligomers including
dimers, trimers and tetramers, to higher molecular weight species such as hexamers and
dodecamers. Nuclear magnetic resonance (NMR) studies revealed that AB oligomers display
a mixed parallel and anti-parallel B-sheet structure (Yu et al., 2009). It has been suggested that
oligomers are kinetic intermediates in the formation of amyloid fibrils (Harper et al., 1997)

and potent inducers of AB plaque formation (Langer et al., 2011).

X-ray diffraction data show that AP fibrils are highly ordered and form a characteristic cross B-
sheet pattern (Sunde et al., 1997). Fibrils are typically 5 to 15 nm wide and can be several
microns long (ladanza et al., 2018). However, AP fibrils structural polymorphism has been
widely reported in AD patients (Kollmer et al., 2019; Lu et al., 2013; Qiang et al., 2017), leading

to various amyloid plague morphologies (Condello et al., 2018; Watts et al., 2014).

1.7.1.3. AB deposits in AD brains

In AD, AB pathology can be found in the brain parenchyma, as extracellular amyloid plaques
and neuritic plaques, intracellular deposits and in blood vessels leading to cerebral amyloid

angiopathy (CAA).
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1.7.1.3.1. AB plaques

Plagues are mainly composed of highly fibrillogenic ABi.a; although other AB species can also
be detected (Walker, 2020). Plaque morphological appearance is heterogeneous and can
result from genetic mutations, amyloid polymorphism as well as depend on their anatomical
distribution (Thal et al., 2006a). However, they are classically divided into two main categories:

diffuse plagues and dense core plaques.

Diffuse plaques are amorphous amyloid deposits with ill-defined limits that are negative for
amyloid binding dyes. They are usually not associated with activated glial cells nor with
neuritic components although some diffuse neuritic plaques can be observed in advanced

stages of AD (Dickson, 1997; Serrano-Pozo et al., 2011a) (Figure 11A).

Dense core plagues consist of dense reticular or radiating compact dense amyloid that is highly

positive to amyloid dyes (Thal et al., 2006a) (Figure 11B).

1.7.1.3.2. Neuritic plaques

Neuritic plaques usually have a central core of radiating amyloid fibrils surrounded by a halo
of dystrophic neurites with activated glia, tau filaments and AR oligomers (Masters and Selkoe,
2012; Thal et al., 2006a) (Figure 11C). In addition, degenerating mitochondria and lysosomes
can accumulate in abnormal neurites (Serrano-Pozo et al., 2011a). Dense core plaques with
tau-positive neurites are closely associated with neurodegeneration and cognitive decline

(Knowles et al., 1999).
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Figure 11: AB deposits in AD brains

Diffuse (A) and dense core (B) amyloid plaques stained by anti-AB antibodies. (C) Neuritic
plague with tau-positive processes revealed by AT8 immunostaining (arrowheads) in contact
with the amyloid core (arrow). Scale bars : 40 um. Adapted from (DeTure and Dickson, 2019;
Duyckaerts et al., 2009).
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1.7.1.3.3. Intracellular AB

In AD brains, AP can accumulate within neurons, and more specifically in multivesicular bodies
(Takahashi et al., 2002). This accumulation has been associated with synaptic morphological
alterations (Takahashi et al., 2002) and appears to precede plaque and tangle formation

(Gouras et al., 2000).

1.7.1.3.4. Cerebral amyloid angiopathy

In addition to AB parenchymal deposition, approximately 80% of AD cases display some level
of cerebral amyloid angiopathy (CAA). Thioflavin-S and Congo red-positive AB deposits, mainly
composed of ABi-40, can be found in the tunica media of leptomeningeal arteries and cortical
capillaries, small arterioles and arteries, particularly in the parietal and occipital cortices
(Figure 12) (Serrano-Pozo et al., 2011a). Two types of CAA have been described: type 1 CAA
involves capillaries, arterioles and small arteries, whereas type 2 CAA mainly affects large

arteriolar vessels but spares capillaries (DeTure and Dickson, 2019).

Accumulation of AB may result from impaired perivascular clearance of AB and blood-brain
barrier dysfunction leading to its deposition within the vessel wall (Magaki et al., 2018).
Amyloid deposition in the microvasculature can cause physical disruption and lead to
hemorrhages (Charidimou et al.,, 2012). In mice, AB can be responsible for a decrease in
cerebral blood flow by recruiting adherent neutrophils to occlude capillaries (Cruz Hernandez

et al., 2019) and activate pericytes that release reactive oxygen species (Nortley et al., 2019).
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Figure 12: Cerebral amyloid angiopathy

Cerebral amyloid angiopathy affecting a cortical artery (Cort A) and its capillary bed (Cap CAA),
revealed by anti-AB immunohistochemistry. Scale bar: 10 um. (Weller et al., 2009).
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1.7.1.4. AB conformation-dependent toxicity

Polymorphism in AB peptides has been associated with distinct biological and toxic properties.
Although some level of toxicity has been reported for each amyloid species, mounting
evidence suggest that soluble oligomers are the most toxic species, as opposed to insoluble

aggregates.

In humans, amyloid plaque load weakly correlates with clinical signs in late-onset AD (McLean
et al., 1999) and approximately one third of the elderly population displays cerebral AB
deposition without cognitive alterations (Aizenstein et al., 2008). Conversely, cognitive status
strongly correlates with AB oligomers cerebral (McLean et al., 1999; Tomic et al., 2009) and
plasmatic levels (Meng et al., 2019). In addition, patients in early stages of AD display
increased levels of soluble AP oligomers in synapses (Bilousova et al., 2016) as well as in the

CSF (Herskovits et al., 2013) before plaque formation.

Several studies conducted on animal models have shown that AR oligomers derived from AD
brains can alter synaptic structure and activity by inducing a loss of dendritic spines, inhibiting
long-term potentiation (LTP) and enhancing long-term depression (LTD), as opposed to
amyloid plaque cores (Shankar et al., 2008; Walsh et al., 2002). Interestingly, high molecular
weight oligomers, which are prevalent in AD brains, can cause hippocampal LTP impairment
and activate microglial responses in wild-type mice only once they are dissociated into lower
molecular weight oligomers (of approximately 8 to 70 kDa) (Yang et al., 2017). Moreover,
intracerebroventricular injection, in mice, of high molecular weight AB oligomers was shown
to induce a transient memory impairment as opposed to low molecular weight AB oligomers
which induced a rapid and persistent cognitive deficit in addition to synaptic dysfunction
(Figueiredo et al., 2013). These results were also shown in rat models in which the
intracerebroventricular injection of soluble oligomers, including dimers and dodecamers can
alter memory performances (Lesné et al., 2006; Shankar et al., 2008). Strong evidence indeed
suggests that AB*56 dodecamers are critically involved in early AD as their presence correlates
with synaptic alteration, neuronal injury and pathological forms of soluble tau in humans
(Lesné et al., 2013), along with memory impairment in animal models (Lesné et al., 2006). One
study has shown that both fibrillar and oligomeric ABi-42 species can induce spatial learning

impairment when infused into the lateral ventricles. However, cognitive deficits,
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neurodegeneration and neuroinflammation were more severe in oligomer-infused rats (He et

al., 2012).

Altogether, these studies suggest that soluble oligomers rather than insoluble fibrils or
plaques are the main responsible species for neuronal and glial alterations that underlie
synaptic failure and cognitive impairmentin AD (Ferreira et al., 2015). Fibrillar amyloid plaques
may sequester toxic oligomers, or serve as reservoirs of soluble bioactive oligomers, and their
disassembly into small active amyloid species could contribute to local synaptotoxicity

(Shankar et al., 2008).

1.7.1.5. Amyloid cascade hypothesis

The amyloid cascade hypothesis has dominated the field of AD research for many years and
provided the intellectual framework for therapeutic investigations. It is based on the discovery
that all dominant mutations causing early-onset fAD occur in genes altering AB accumulation.
APP mutations within the AB sequence increase the self-aggregating properties of AR whereas
mutations in presenilin genes involved in y-secretase proteolytic activity increase the ABi-
42/AB1-a0 ratio (Chavez-Gutiérrez et al., 2012). Moreover, the €4 allele of the APOE gene, the
strongest genetic risk factor for late-onset AD, has been shown to alter AB clearance and
promote AB deposition (Liu et al.,, 2017). Interestingly, the APP A673T icelandic mutation
which reduces the amyloidogenic processing of APP and decreases AP aggregation protects
against AD, therefore providing compelling evidence in support of the amyloid hypothesis

(Maloney et al., 2014).

Genetic studies and biomarker-based longitudinal evaluations have shown that amyloid
pathology occurs years prior to other AD manifestations. As previously described, AB
accumulation can induce synaptotoxicity, neuroinflammation and oxidative injury. Moreover,
whereas early AB accumulation can progressively lead to tau deposition in APP mutant bearing
patients, mutations in tau genes do not induce AB aggregation in patients with FTD (Selkoe
and Hardy, 2016), which further supports the amyloid hypothesis of AD. AB oligomers greatly
enhance the seeding and aggregation of tau in vitro (Shin et al., 2019) and were shown to
trigger tau hyperphosphorylation at AD-relevant epitopes and lead to neuritic degeneration
(Jin et al., 2011). Several studies also suggest that amyloid pathology promotes the spreading

of tau from the entorhinal cortex to the neocortex (Bennett et al., 2017; Pontecorvo et al.,
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2019). Interestingly, AB accumulation rate has been associated with the onset of tau
deposition, while tau progression predicts the onset of cognitive decline (Hanseeuw et al.,
2019). In addition, cognitive decline in AD begins as NFTs spread from the entorhinal cortex
into the neocortex already exhibiting amyloid lesions (Price et al., 2009; Price and Morris,
1999). Major events leading to AD pathology according to the amyloid cascade hypothesis are

summarized in Figure 13.
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Figure 13: The amyloid cascade hypothesis

According to the amyloid cascade hypothesis, AD pathology begins with an increase in ABa2
levels in the brain. It is followed by its progressive oligomerization and aggregation into
amyloid plaques, leading to neuroinflammation, alterations of neuronal ionic homeostasis and
oxidative injury, tau pathology and widespread neuronal and synaptic dysfunction and loss
eventually leading to dementia. The curved blue arrow indicates a potential direct effect of
AB oligomers on microglial and astrocytic activations, tau pathology, as well as on
synaptic/neuronal alterations (Selkoe and Hardy, 2016).
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Some evidence however oppose the amyloid cascade hypothesis. Aside from the many studies
showing that AR accumulation does not correlate with neuronal loss and cognitive decline,
many individuals can present with significant AP deposition in their brain without other AD
pathological hallmarks (DeTure and Dickson, 2019). Moreover, some studies suggest that tau
intraneuronal inclusions may occur before plague formation in the brain (Braak et al., 2013;
Duyckaerts et al., 2015) and dendritic tau has been observed in regions without AR
accumulation (Braak and Del Tredici, 2011). Multiple failures in clinical trials with therapeutics
targeting AP suggest that preventing amyloid pathology may not be sufficient to prevent AD

pathological development as suggested by the amyloid cascade hypothesis.

1.7.2. Tauopathy

1.7.2.1. Tau gene and isoforms

Tau is a microtubule-associated protein encoded by the MAPT gene, which is found on
chromosome 17 and comprises 16 exons. The alternative splicing of exons 2, 3 and 10 yields
six distinct isoforms in the human adult brain, ranging from 352 to 441 amino acids and
differing by the absence (ON) or presence of one (1N) or two (2N) inserts in N-terminal and by
three (3R) or four (4R) microtubule-binding repeat domains in C-terminal (Goedert et al.,

1989; Guo et al., 2017) (Figure 14).
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Figure 14: Tau isoforms in the human brain.

The alternative splicing of exon 2 and 3 leads to the absence (ON) or presence of one (1N) or
two (2N) inserts in the N amino-terminal region of tau. Near the C-terminal end of tau, the
alternative splicing of exon 10 in the microtubule-binding domain (MTBD) results in the
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presence or absence of the second repeat, leading to 3R or 4R isoforms. The proline-rich
domain (PRD) represents the central region of tau. Adapted from (Guo et al., 2017).

All six isoforms (ON3R, ON4R, 1N3R, 1N4R, 2N3R and 2N4R) are likely to have distinct functions
as they are differentially expressed during brain development. Interestingly, the expression of
distinct sets of tau isoforms in different neuronal populations is associated with different
tauopathies. Notably, AD is characterized by the abnormal accumulation of 3R and 4R
isoforms in a one-to-one ratio whereas in other tauopathies, either 3R or 4R isoforms are over-
expressed (Guo et al., 2017). Immunoblotting of AD brains shows the presence of a typical
triplet of tau proteins with apparent molecular weights of 60, 64 and 68 kDa, as well as a minor

72-74 kDa band (Buée et al., 2000; Greenberg and Davies, 1990).

1.7.2.2. Tau protein structure and physiological functions

Tau is primarily expressed in neurons, and to a lesser extent in astrocytes and
oligodendrocytes. Intraneuronal distribution is polarized as tau is mainly located within axons

(Guo et al., 2017).

Tau can be divided into four functional domains: the N-terminal projection domain, proline-
rich domain (PRD), the microtubule-binding domain (MTBD) and the C-terminal tail (Figure
14). All tau regions are involved in microtubule assembly and stabilization and therefore
participate in the maintenance of neuronal architecture and polarization. As microtubule
networks mediate axonal transport systems, tau also plays a pivotal role in regulating neuronal
functions through its influence on the motor proteins, dynein and kinesin, involved in protein
and organelle axonal transport (Dixit et al., 2008). Moreover, it has been shown that the PRD
modulates tau signaling functions, can interact with DNA and RNA, including by preserving
DNA integrity and participating in DNA repair mechanisms, and is involved in neuronal

cytoskeleton maintenance (Guo et al., 2017; Violet et al., 2014).

Evidence suggests that tau may participate in synaptic plasticity, through its involvement in
brain-derived neurotrophic factor-induced spine growth (Chen et al., 2012) and long-term
depression in the hippocampus (Kimura et al., 2014). During adult neurogenesis, tau plays a
crucial role in the maturation and migration of newborn hippocampal granule neurons, the

formation of post-synaptic densities, dendritic spines and mossy fiber terminals as well as the
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acute stress-induced selective cell death of immature granule neurons (Fuster-Matanzo et al.,

2009; Pallas-Bazarra et al., 2016).

1.7.2.3. Tau post-translational modifications

Tau can undergo multiple post-translational modifications including phosphorylation,
acetylation, truncation, glycosylation, glycation, nitration and ubiquitination. In particular, tau
phosphorylation and acetylation have emerged as dominant post-translational modifications

in AD.

Tau can be phosphorylated at 85 different residues (Guo et al., 2017) but its phosphorylation
sites are mainly localized in the proline-rich and C-terminal tail regions (Liu et al., 2007). Under
physiological conditions, phosphorylation regulates tau affinity to bind microtubules and
therefore its ability to promote tubulin assembly (Buée et al.,, 2000). In AD brains,
phosphorylated tau load is increased by three to four-fold compared to normal brains
(Ksiezak-Reding et al., 1992). This is partly due to an imbalance between kinases and
phosphatases activity as it has been shown that phosphatase activity is reduced by 20 and
40%, respectively in the gray and white matter of AD patients (Gong et al.,, 1993). Tau
hyperphosphorylation can potentially result in conformational modifications, changes in
protein charges and ultimately to its self-aggregation. Moreover, hyperphosphorylated tau
can aggregate with normal tau, therefore decreasing its binding affinity for microtubules
(Alonso et al., 1994). This results in the loss of tau physiological functions, promotes its self-
aggregation into pathological filaments and eventually compromise proper axonal transport
and synaptic plasticity (Muralidar et al., 2020). Additionally, tau phosphorylation can prevent

its degradation by the proteasome (Dickey et al., 2007).

Tau acetylation at specific lysine residues is also associated with AD pathology and its
distribution pattern is similar to hyperphosphorylated tau (lrwin et al., 2012). It has been
shown to prevent phospho-tau degradation (Min et al., 2010), impair tau-mediated
microtubule stabilization and promote tau aggregation into fibrils (Trzeciakiewicz et al., 2017).
However, depending on the acetylation site, aggregation may also be reduced (Yao et al.,

2018).
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1.7.2.4. Tau structural conformation

Tau is highly soluble and natively unfolded in its monomeric form although its second and
third MTBD repeats have a propensity to form B-sheets and are considered as drivers of tau
abnormal self-assembly (Mukrasch et al., 2009). Free cytoplasmic tau adopts a “paperclip”

conformation, with closely associated N and C terminal regions (Jeganathan et al., 2006).

Under pathological conditions, tau proteins can undergo conformational changes and self-
aggregate into B-sheet structures known as paired helical filaments (PHF). PHFs, that include
all six isoforms of tau, consist of two small filaments of 10 nm diameter forming a helical
structure of 10-20 nm-wide with a crossover distance of 80 nm (Braak et al., 1986; Crowther,
1991). Straight filaments (SF) can also be found in AD brains, in which they are 10-15 nm in
diameter (Crowther, 1991), whereas other tauopathies are characterized by 10 nm-wide
straight half filaments (DeTure and Dickson, 2019). The core of PHFs and SFs consists of two
identical protofilaments comprising tau residues 306—378 within the microtubule-binding
domain. It is associated with a combined cross-B/B-helix structure defining the seed for tau

aggregation (Fitzpatrick et al., 2017).

1.7.2.5. Tau deposits in AD

1.7.2.5.1. Neurofibrillary tangles

Neurofibrillary lesions comprise PHFs and SFs aggregated within neuronal cell bodies (Figure
15A). Several factors may participate in their development including genetic mutations
(Pittman et al., 2006), neuroinflammation (Yoshiyama et al., 2007) and AB-mediated toxicity.
Misfolded AP can indeed enhance the aggregation and seeding properties of tau (Bennett et
al., 2017; He et al., 2018), possibly by increasing glycogen synthase kinase 3B and cyclin-

dependent kinase 5 activities (Engmann and Giese, 2009).

Ghost tangles appear as remnant of degenerated neurons which contained NFTs (Figure 15A).
They consist of extracellular tau filaments and fragments that have undergone substantial

proteolysis (Mroczko et al., 2019).
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1.7.2.5.2. Neuropil threads

Neuropil threads (NTs) are mainly dendritic elements with tau filaments, including PHFs and
SFs, that are thought to originate from NFT-bearing neurons (Figure 15A) (DeTure and
Dickson, 2019). NTs represent 85-90% of cortical tau pathology (Mitchell et al., 2000).

1.7.2.5.3. Neuritic corona of senile plaques

As described in § 1.7.1.3.2. Neuritic plaques, tau can also accumulate in axonal processes

forming the neuritic corona of AB plaques (Figure 15B) (Duyckaerts et al., 2009).

Figure 15: Tau deposits in AD brains.

(A) AT8-positive tau pathology accumulates intracellularly the form of neurofibrillary tangles
(wide arrow), within the dendritic shaft as neuropil threads (arrowheads) or in the
extracellular space as ghost tangles (small arrow). (B) Neuritic corona containing tau-positive
elements (tau polyclonal antibody). Scale bars: 10 um. Adapted from (Duyckaerts et al., 2009).

1.7.2.6. Tau conformation-dependent toxicity

As NFT burden correlates with clinical decline and disease severity, tau fibrils have long been
considered to be the main neurotoxic species in the AD brain (Nelson et al., 2012). Dominantly
inherited mutations in MAPT lead to FTD with parkinsonism linked to chromosome 17,
therefore supporting that tau alterations can induce neurodegeneration and dementia (Ghetti
et al., 2015). In primary age-related tauopathy (PART), patients develop tau deposits in the
entorhinal cortex and medio-temporal lobes with minimal AB deposits, and only patients with

severe tau burden display cognitive alterations (Besser et al., 2019; Crary et al., 2014).
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Despite strong correlations, neurodegeneration far exceeds NFT burden in AD (Gémez-Isla et
al.,, 1997). In transgenic mice expressing the P301L tau mutation, tau suppression led to
cognitive function recovery and prevented neuronal loss, despite the induction of tangle
pathology (SantaCruz et al., 2005). This suggests that NFTs may not be necessary nor sufficient
to induce neuronal dysfunction. Moreover, tangles were shown to form after cognitive decline
and neurodegeneration onsets in different models (Mroczko et al., 2019). Therefore, it has
been suggested that NFTs may constitute a neuronal protective response through the

sequestration of soluble oligomeric species (Spires-Jones et al., 2009).

More recently, several lines of evidence have suggested that tau oligomers are the most
deleterious forms of tau. Oligomers have been detected in AD brains (Lasagna-Reeves et al.,
2012b), including in cortical synapses (Henkins et al., 2012), and were correlated with memory
loss in a mouse model of tauopathy (Berger et al., 2007). The subcortical injection of
recombinant full-length human tau protein into mice disrupted memory, synaptic and
mitochondrial functions, as opposed to tau fibrils and monomers (Lasagna-Reeves et al.,
2011). Moreover, impairment of LTP and memory have been observed upon exposure to tau
oligomers, either exogenously administrated in mice (recombinant or extracted from AD
brains) or expressed in transgenic mice overexpressing human tau. This effect was
independent from AP oligomer levels (Fa et al., 2016). Interestingly, tau trimers were shown
to be toxic at nanomolar concentrations and represent the minimal propagation unit that may
spontaneously be internalized and seed further intracellular aggregates therefore mediating

the progression of tau pathology through the brain (Tian et al., 2013).

1.7.2.7. Tau hypothesis

Although the amyloid hypothesis has prevailed for decades, neuropathological data suggest
that tau pathology begins about a decade prior to AP plaques, therefore arguing that AB is
unlikely to be the initial cause of sporadic AD (Braak and Del Trecidi, 2015; Duyckaerts et al.,
2015). Recently, Arnsten et al. hypothesized that cortical tau pathology may develop in
selected and extensively interconnected glutamatergic projection neurons, with unique
properties leading to tau abnormal phosphorylation and seeding. Consequently, phospho-tau
may participate in APP metabolism towards the amyloidogenic pathway (Arnsten et al., 2021).

Even if tau pathology can be frequently observed in cognitively unimpaired individuals, it is
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also highly correlated with cognitive decline and neurodegeneration in AD patients as opposed
to AB (Braak and Del Tredici, 2015; Nelson et al., 2012). Recently, compelling evidence
however suggested that rather than a linear model in which one pathology initiates the other,

AB and tau most likely act in synergy to drive AD progression (Busche and Hyman, 2020).

1.7.3. Neuroinflammation

Growing evidence suggests that immune mediators play a crucial role in regulating AD
pathology. Indeed, neuroinflammation characterized by morphological and functional
changes in microglial and astrocytic cells is a prominent feature in AD brains, in which reactive

glia associates with both AB plaques and tangles (Figure 16) (Serrano-Pozo et al., 2011b).

[ThioS/

Figure 16: Reactive glia is associated with AB plaques and NFTs in AD

Triple staining for Ibal or GFAP (red), thioflavin-S (green) and DAPI (blue) in an AD brain.
Thioflavin-S binds to B-sheets associated with amyloid structures such as A and tau. Reactive
microglia (Ibal-positive, A-B) and astrocytes (GFAP-positive, C-D) are closely associated with
dense core plaques (A and C, respectively) and NFTs (B and D, respectively). Scale bars: 20 um.
Adapted from (Serrano-Pozo et al., 2011b).

1.7.3.1. Microgliosis

1.7.3.1.1. Generalities and physiological functions of microglia

Microglia are the innate immune cells and resident macrophages of the central nervous
system (CNS). They are highly ramified cells that dynamically scan their environment to

maintain brain homeostasis. They engage in a mutual and continuous interaction with their
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surroundings and can initiate an immune response following exposure to CNS insults (such as
misfolded protein aggregates considered as danger-associated molecular patterns or DAMPs),
as well as respond to environmental stimuli, including neuronal activity and neurotransmitter
release (Abiega et al., 2016). Microglia undergo morphological and functional changes upon
activation, including shortening of their processes with swelling of the soma (Figure 17), and

modifications in secretory mediators.

Intermediate

Figure 17: Microglial morphological changes upon activation

Photomicrographs of Ibal-positive microglial cells with various phenotypes representing
different activation states: ramified (A), intermediate (B), amoeboid (C) and round (D).
Adapted from (Thored et al., 2009).

Multiple physiological roles of microglia have been described both in the developing and
mature CNS. During neurodevelopment, microglia contribute to neural circuit modeling by
engulfing and removing neurons and synapses (Frost and Schafer, 2016). Synaptic pruning
involves the classical complement cascade, as synapses are tagged with C1q (mainly produced
by microglia), opsonized by C3b and subsequently engulfed by microglia (Schafer et al., 2012).
In the adult brain, microglia are crucial regulators of activity-dependent synaptic plasticity,
learning and memory, as well as neurogenesis (Gemma and Bachstetter, 2013; Schafer et al.,
2013). Under physiological conditions, microglia-induced neuronal apoptosis is coupled with
phagocytosis to ensure proper elimination of excessive neurons during the proliferation and

development of neurons (Abiega et al., 2016; Brown and Neher, 2014).

1.7.3.1.2. Microglia in the context of AD

Genetic studies have identified many risk genes for AD, most of which are selectively or
preferentially expressed by microglial cells (e.g. TREM2 or CR1 gene variants). These studies

argue that proper microglial function protects against AD whereas impairment in microglial
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functions may be involved in AD onset and progression. Indeed, rare variants in TREM2 gene,
such as the R47H loss-of-function mutation, have been reported as major risk factors for AD
as they impair the expression of the cell surface protein TREM2 and alter its binding with

phospholipids (Colonna and Butovsky, 2017; Jonsson et al., 2013).

Evidence suggest that microglia are versatile cells with different functional states that may
have counteracting effects in the early and late stages of AD (Hansen et al., 2018). In humans
and animal models, they can surround amyloid plaques and contribute to their elimination in
acute phases, but can also induce neuroinflammation and neurodegeneration through the
excessive release of inflammatory cytokines during chronic activation. Human data suggest
that microglia may have a protective role during early prodromal phases of AD with MCI
patients showing a longitudinal reduction in microglial activation while microglial activity
positively correlates with cognitive scores and brain volume (Fan et al., 2017). Conversely,
microglial activation is increased in AD patients and correlates with glucose hypometabolism.
These changes are associated with a disruption in frontal connectivity suggesting a deleterious
effect of microglial activation on synaptic function (Tondo et al., 2020). Taken together, these
data suggest a bimodal activation of microglia with a protective effect in preclinical/prodromal

phases of AD and proinflammatory deleterious effects during clinical stages (Fan et al., 2017).

1.7.3.1.3. AB and microglia-mediated toxicity

Evidence suggests that AB-induced microglial activation occurs early in AD and that chronic
activation may result in an excessive release of inflammatory mediators in the symptomatic

stages of the disease (Hansen et al., 2018).

The release of free radicals caused by increasing accumulation of AB can lead to microglial
activation through oxidative stress-related mechanisms (D. G. Walker et al., 2002). Moreover,
several microglial membrane receptors can bind AB and cause microglial activation. Notably,
type 1 scavenger receptor A, chemokine-like receptor 1 and complement receptors are
involved in amyloid uptake and clearance (Chen et al., 2017; Doens and Fernandez, 2014). On
the contrary, AB binding to the receptor for advanced glycation end product (RAGE) leads to
oxidative stress (Yan et al., 1996), secretion of proinflammatory mediators such as interleukin-
1B (IL-1B) and tumor necrosis factor a (TNFa) and induces synaptic dysfunction (Chen et al.,

2017; Origlia et al., 2010). In endothelial cells of the brain, AB and RAGE interactions lead to
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vascular inflammatory responses, suggesting that AB-induced neuroinflammation may play a
significant role in the pathogenesis of CAA (Suo et al., 1998). Interestingly, in vitro co-culture
experiments have shown that both ABi.42 low molecular weight oligomers and fibrils can
activate microglia into a pro-inflammatory phenotype but, depending on the peptide
conformation, differential secretory profiles associated with different neurotoxicities were

reported (Sondag et al., 2009).

The release of pro-inflammatory mediators such as TNFa or IL-1B, caused by the presence of
protein aggregates has been associated with neurodegeneration. In the presence of misfolded
or aggregated proteins such as AB (Halle et al., 2008; LuciGnaité et al., 2019, p. 3) and tau
(Stancu et al., 2019), microglia can activate the NLRP3 (NOD-, LRR- and pyrin domain-
containing 3) inflammasome, a protein complex that increases the cleavage and activity of
caspase-1 and the release of IL-1B (Heneka et al., 2018). In turn, studies have shown that the
NLRP3 inflammasome has a crucial role in the development, progression and exacerbation of
amyloid (Heneka et al., 2013; Venegas et al., 2017) and tau (Ising et al., 2019; Stancu et al.,
2019) pathologies. Interestingly, the intracerebral injection of brain homogenates containing
AP fibrils in transgenic mice induced an NLRP3 inflammasome-dependent tau pathology (Ising
et al.,, 2019). Caspase activity is strongly increased in MCI patients as well as AD patients
suggesting that the NLRP3 inflammasome activation is an early event in AD pathogenesis

(Heneka et al., 2018).

Mounting evidence argues that aging or genetic susceptibility (e.g. TREM2 mutations) can
compromise microglial protective function and lead to a decrease in amyloid uptake (Hansen
et al., 2018; Hellwig et al., 2015; Krabbe et al., 2013; Orre et al., 2014). Indeed, AD brains
display age-associated microglial morphological and functional changes, including impaired
phagocytosis and motility (Mosher and Wyss-Coray, 2014). This results in increased amyloid
toxicity and tau occurrence (Dejanovic et al., 2018; Lee et al., 2021; Leyns et al., 2019). In
particular, the TREM2-associated R47H mutant likely impairs microglial function by altering
amyloid peptide phagocytosis, clearance and plaque compaction (Dourlen et al., 2019; Wang
et al.,, 2016). Recent studies suggest that TREM2 mutants moreover prevent microglial
clustering around amyloid plaques, leading to more diffuse plagues and increased neuritic
damage (Wang et al., 2016). Evidence in transgenic mice and human brains have indeed

shown that microglia can compact AP aggregates in dense core plaques, therefore forming a
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neuroprotective barrier around them, reducing their toxicity and preventing neuritic
dystrophy (Condello et al.,, 2015; Yuan et al., 2016) and plaque-associated disruption in
neuronal connections through dendritic spine loss (Zhao et al., 2017). Co-cultures of microglia
and cortical neurons have shown that proliferating amoeboid microglia attenuate Ap-
mediated neurotoxicity through phagocytosis and release of neurotrophic factor whereas
differentiated process-bearing microglia induce neuronal toxicity (Tsay et al., 2013).
Dystrophic microglia have been observed in aged human brains further suggesting that AD

may develop in the context of altered microglial function (Streit et al., 2009).

1.7.3.1.4. Tau and microglia-mediated toxicity

Activated microglia and increased proinflammatory mediators are associated with tau
pathology in AD brains. Indeed, tau seeds are consistently found in reactive microglia of
human tauopathy and AD cases (Hopp et al.,, 2018). However, whether aberrant
neuroinflammation is responsible for tau pathology or whether microglia react in response to

tau toxicity is still debated (Leyns and Holtzman, 2017).

Cumulative evidence suggest the implication of microglia in initiating and aggravating tau
pathology as well as accelerating neurodegeneration. Neuroinflammation induced by the
injection of lipopolysaccharide was shown to promote tau hyperphosphorylation in 3xTg
(Kitazawa et al., 2005) and wild-type mice (Gardner et al., 2016). Along with synaptic
alterations, prominent microglial activation has been observed prior to tangle formation in
the hippocampus of 3-month-old P301S transgenic mice, therefore demonstrating that
microgliosis can precede tau deposition. Moreover, immunosuppression attenuated tau
pathology therefore suggesting a mechanistic link between early microglial activation and tau
pathological progression (Yoshiyama et al., 2007). However in this model, despite the absence
of tau deposits, robust tau seeding activity was detected as early as at 1.5 months of age
suggesting that tau seeds may first trigger microglial activation that in turn further accelerates
tau pathology by promoting tangle formation (Holmes et al., 2014). Interestingly, TREM2-
deficiency in Thy-Tau22 mice was shown to be associated with reduced microglial activation
and increased tau accumulation at late stages of the disease suggesting a dual role of microglia

in tau pathology according to disease stage (Vautheny et al., 2021).
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Microglial secreted factors were also shown to play a role in tau pathology. Indeed, IL-1B,
which is cleaved into its active form downstream of NLRP3 inflammasome activation,
promotes tau hyperphosphorylation, is associated with reduced levels of presynaptic protein
synaptophysin in vitro (Li et al., 2003) and participates in cognitive alterations in vivo
(Kitazawa et al., 2011). Secretion of TNFa by microglia can lead to tau aggregation in neurites
through reactive oxygen species formation (Gorlovoy et al., 2009), and chronic overexpression

of TNFa in 3xTg mice exacerbates tau pathology and neuronal death (Janelsins et al., 2008).

Furthermore, several studies have involved microglia in tau cell-to-cell spread throughout the
brain, either by endocytosis (e.g. microglial uptake) or by exocytosis (e.g. tau release in
exosomes) (Asai et al.,, 2015). Indeed, several studies have shown that microglia can
phagocytose and degrade tau (Brelstaff et al., 2018; de Calignon et al., 2012; Hopp et al., 2018;
Luo et al., 2015), but that they may do so inefficiently and secrete it back to the extracellular
space, therefore participating in the spreading of bioactive tau seeds (Hopp et al., 2018). In a
model of tau propagation based on the injection of an adeno-associated virus in the entorhinal
cortex, tau rapidly spread from the entorhinal cortex to the dentate gyrus, suggesting a trans-
synaptic propagation of tau. However, the depletion of microglia and inhibition of exosome
synthesis markedly reduced tau deposition in the dentate gyrus, therefore suggesting a key

role of microglia in tau propagation (Asai et al., 2015).

Disparate data on the role of TREM2 have emerged in mouse models of tau pathology, with
TREM2 deletion associated with either neuroprotective effects in PS19 (Leyns et al., 2017) and
Thy-tau22 mice (Vautheny et al., 2021) or neurotoxic effects in hTau mice (Bemiller et al.,
2017). In humans, microglia associated with amyloid plaques and neuritic pathology express
high levels of TREM2. TREM2 levels correlated with phosphorylated tau loads as well as

caspase 3 apoptosis marker and a decrease in presynaptic SNAP25 protein (Lue et al., 2015).

Interestingly, studies have also suggested a detrimental role of tau on microglia. Indeed,
soluble tau extracted from the hippocampus of AD patients or Thy-tau mice was shown to
drive microglial degeneration in vitro (Sanchez-Mejias et al., 2016). During aging and AD,
dystrophic or senescent microglia, rather than activated microglia, are associated with tau
pathology (Davies et al., 2017; Streit et al., 2009). Indeed, microglia in AD brains are
characterized by a decrease in cell count, fragmented and dystrophic processes with spheroid,

a reduced area of surveillance and an alteration in spatial distribution (Sanchez-Mejias et al.,
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2016). Tau pathology can lead to the accumulation of senescent microglia and astrocytes, but
it has been suggested that in turn, senescent cells can also contribute to the initiation and
progression of tau pathology. Indeed, the clearance of senescent microglial and astrocytes
was shown to prevent tau hyperphosphorylation and deposition, neuronal loss and associated

cognitive alterations (Bussian et al., 2018).

Overall, cumulative evidence support the dual role of microglia-associated neuroinflammation
in the early and late phases of AD, during which disruption in microglial-mediated clearance

mechanisms are thought to occur.

1.7.3.2. Astrocytosis
1.7.3.2.1. Generalities and physiological functions of astrocytes

Astrocytes are neural cells of ectodermal, neuroepithelial origin (Verkhratsky et al., 2010) and
are thought to be the most prevalent cell type in the brain (Sofroniew and Vinters, 2010). They
function in territorial domains, which are non-overlapping functional territories connected to
the vasculature and synapses and in which they exert control over many brain functions.
Astrocytes are indeed involved in brain homeostasis by providing trophic and metabolic
support to neurons, maintaining ionic balance, regulating the blood-brain barrier through
contacts with endothelial cells and pericytes, and modulating the CSF flow. Moreover, they
are involved in neuronal networks as they promote synapse formation and plasticity through
thrombospondin secretion and phagocytosis. They also participate in neurotransmitter

uptake and recycling, including glutamate, GABA and ATP (Vasile et al., 2017).

Astrocytes are morphologically and functionally heterogeneous (Arranz and De Strooper,
2019). They can manifest a wide range of activation states associated with distinct effects on

disease onset and progression (Matias et al., 2019).

1.7.3.2.2. Astrocytes in the context of AD

In AD, astrocytes undergo multiple morphological and functional changes. Both atrophic and
hypertrophic reactive astrocytes occur at early stages and precede plaque and tangle
formation (Rodriguez-Arellano et al., 2016). In late stages, they can be found in the close
vicinity of amyloid plagues where they produce abnormal intercellular calcium waves

(Verkhratsky et al., 2016).
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Atrophic astrocytes are characterized by a reduction in soma volume and processes. The
decrease in their morphological complexity reflects a reduction of their territorial domains
likely leading to the impairment of their homeostatic functions (Rodriguez-Arellano et al.,
2016). On the other hand, reactive astrocytes display a large soma and thicker processes, and
highly express the glial fibrillar acidic protein (GFAP) (Arranz and De Strooper, 2019). Reactive
astrocytes have been classified into two categories, A1 and A2 astrocytes, depending on their
gene expression pattern and the initiating injury. Al astrocytes are activated by
neuroinflammation, notably activated microglia, and are characterized by the release of
neurotoxic factors and upregulation of genes involved in the complement cascade, including
complement component C3. Moreover, they lose their neurosupportive functions and their
ability to promote synaptogenesis and phagocytosis (Liddelow et al., 2017). Conversely,
neuroprotective A2 astrocytes are activated by ischemia and secrete neurotrophic factors and

thrombospondins involved in synaptic maintenance (Arranz and De Strooper, 2019).

A recent study further categorized astrocytes into mild and severe reactive astrocytes
depending on their level of morphological changes and toxicity. Severe reactive astrocytes
release excessive amounts of hydrogen peroxide responsible for microglial activation,

neurodegeneration, tau pathology and cognitive alterations (Chun et al., 2020).

Additionally, a new population of Gfap-high state astrocytes, called “disease-associated
astrocytes” was recently identified in mice and AD brains. Their appearance was associated
with a decrease in the homeostatic Gfap-low state astrocyte population. Interestingly, in
disease-associated astrocytes, an upregulation of genes involved in endocytosis, the

complement cascade and AP production and accumulation was observed (Habib et al., 2020).

AP can bind to several astrocytic receptors including RAGE and activate intracellular signaling
pathways such as the NFkB pathway that results in the release of proinflammatory mediators,
such as IL-1B, IL-6, inducible nitric oxide synthase (iNOS) and TNFa. Moreover, AB-induced
reactive astrocytes can impair mitochondrial functions, increase oxidative stress, disrupt
calcium homeostasis and reduce glutamate uptake leading to excitotoxicity (Gonzalez-Reyes
et al., 2017). Altogether, these stimuli are toxic to neurons and can furthermore stimulate AB
production in astrocytes. Indeed, a variety of cellular stressors can upregulate the machinery
for AB production present in reactive astrocytes, which were shown to express increased

levels of APP, B-secretase and y-secretase. This suggests that astrocytes may also contribute
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to amyloid load in AD, through the production and secretion of AB (Frost and Li, 2017).
However, astrocytes have also been implicated in the clearance of AB and tau through the
glymphatic system, a pathway in which contacts between astrocytic end feet and the
vasculature enable the elimination of toxic elements, including pathological proteins
(Rasmussen et al., 2018). Moreover, astrocytes surrounding plaques display a phagocytic
phenotype and were shown to engulf dystrophic neurites (Gomez-Arboledas et al., 2018).
Astrocytes express several AB-degrading proteases including neprilysin and
metalloendopeptidases 2 and 9, and can promote AP clearance by secreting ApoE for which

they are the primary source in the brain (Ries and Sastre, 2016).

Altogether, the role of neuroinflammation in AD has gained increasing interest over the past
few years. Recent data indeed highlight the importance of glial complex and dual interactions

with neurons in the AD continuum.

1.7.4. Synaptopathy

In AD, the collapse of neural networks results from neuronal and synaptic degeneration.
Synaptic loss occurs at early stages in AD and MCI, prior to neuronal loss (Forner et al., 2017;

Scheff et al., 2006). It is the best correlate to cognitive decline (Terry et al., 1991).

1.7.4.1. Synaptic functions and alterations in AD

Synaptic plasticity is central in learning and memory functions and involves both long-term
potentiation (LTP) and its counterpart long-term depression (LTD). LTP is a long-lasting
strengthening of synaptic transmission that can occur both at the pre- and postsynaptic
compartments. The early phase of LTP is characterized by the persistent activation of kinases
leading to changes in a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA)
receptors. In late-LTP, persistence in kinase activation and increase in calcium levels regulate
gene expression and lead to protein synthesis, including elements involved in spine formation
(Spires-Jones and Hyman, 2014). LTD, as opposed to LTP, is a long-lasting weakening of
synaptic transmission, including the transmission mediated by AMPA receptors, which is the
most affected in AD. It can be triggered through the activation of glutamate receptors, in
particular N-methyl-D-aspartate (NMDA) receptors and metabotropic glutamate receptors

(mGIuRs). LTD is particularly essential for cognitive flexibility (Collingridge et al., 2010).
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In AD, the mechanisms associated with synaptic damage might involve axonal transport
impairments, as suggested by the altered expression of genes associated with synaptic
structural elements, vesicle trafficking and release, neurotransmitter receptors and receptor
trafficking (Overk and Masliah, 2014). Aside from synaptic loss, changes in LTP and LTD

involved in synaptic plasticity are crucial in AD-associated cognitive alterations.

AB and tau have been observed at the synapse, and appear to have both physiological and

pathological implications in synaptic functions (Spires-Jones and Hyman, 2014).

1.7.4.2. AB-mediated synaptotoxicity

The APP processing machinery can be found at the synapse and is modulated by synaptic
activity, which supports the idea that APP and/or AB may be involved in normal synaptic

function (Spires-Jones and Hyman, 2014).

However, many studies have shown that AR can induce both morphological and functional
alterations on synapses, which is consistent with elevated AB oligomers synaptic levels in AD
patients (Bilousova et al., 2016). Experimentally, plague-bearing mice show a decrease in
dendritic spine density, and more particularly near plaques, due to structural plasticity
alterations (Spires-Jones and Hyman, 2014). AB oligomers derived from the extracellular
plague halo were shown to accumulate both in pre- and postsynaptic terminals (Pickett et al.,
2016), but were more abundant at excitatory synapses including those with NMDA receptors
involved in synaptic plasticity and memory (Koffie et al., 2009; Lacor et al., 2007). In addition,
oligomers in the vicinity of amyloid plagues were negatively correlated with synaptic density
(Koffie et al., 2009). Overall, these data further suggest that plaques may act as reservoirs of
AB oligomers, which were shown to induce synaptic loss, thereby leading to neuronal network

alterations (Mucke and Selkoe, 2012).

Several rodent studies have shown that AB oligomers extracted from AD brains can alter
synaptic structure and activity by inducing a loss of dendritic spines, inhibiting LTP and
enhancing LTD, and alter memory function (Figueiredo et al., 2013; Lesné et al., 2006; Shankar
etal., 2008; Walsh et al., 2002; Yang et al., 2017). Oligomers can therefore interfere with brain
connectivity by altering dendritic spine morphology and function which is known to associate

with cognitive decline in AD (Dorostkar et al., 2015; Lacor et al., 2007).
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Furthermore, soluble AB can bind to several cell surface receptors and transduce neurotoxic
signaling pathways. Studies have shown that LTP impairment is associated with AB oligomer
binding with the cellular prion protein PrP¢(Laurén et al., 2009), and that in dendritic spines,
this complex can activate the Fyn kinase and induce tau hyperphosphorylation (Larson et al.,
2012). AB can also bind AMPA receptors therefore impairing glutamatergic transmission and
its association with NMDA receptors can moreover disturb calcium homeostasis (Pozueta et
al., 2013). Interestingly, AB-mediated mGIuR5 activation decreases the fragile X mental
retardation protein-mediated repression of APP translation therefore increasing postsynaptic
intracellular calcium levels, sAPPa secretion and inducing the amyloidogenic B-secretase

pathway and amyloid production (Chen et al., 2017; Sokol et al., 2011).

Elevation in calcium levels and downstream activation of calcineurin appear central in AB-
mediated synatotoxicity. Indeed, calcium concentration changes have a direct impact on
synaptic plasticity, LTP and LTD, notably through NMDA receptors and mGIluRs (Shankar et al.,
2008; Spires-Jones and Hyman, 2014; Yang et al., 2017). Calcium dyshomeostasis can promote
AMPA and NMDA receptor internalization and was also associated with alterations of

dendritic spine cytoskeleton (Pozueta et al., 2013).

AP oligomers can also alter synaptic vesicle cycling, including the trafficking, release and
recycling steps (Chen et al., 2019). In particular, they can impair NMDA receptors trafficking,
therefore interfering with proper neurotransmitter release, altering synaptic homeostasis and
consequently contribute to synaptic loss and cognitive impairment (Fagiani et al., 2019; Park

et al.,, 2013).

Interestingly, synapses and their activation state can influence AB pathology as well. Chronic
reduction in synaptic activity reduces plaque burden, inhibits AP secretion and promotes its
intraneuronal accumulation, but also leads to synaptic loss and exacerbates memory
impairment (Tampellini et al., 2011, 2010). Conversely, chronic activation enhances plaque
formation (Yamamoto et al., 2015), promotes AB secretion and degradation via neprilysin,

reduces intraneuronal AB and increases synaptic protein levels (Tampellini et al., 2011, 2009).

1.7.4.3. Tau-mediated synaptotoxicity

Given its role in maintaining proper neuronal projections and synaptic transmission in the

healthy brain, tau acts as a major regulator of synaptic function (Chong et al., 2018). The
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presence of tau at the synapse was observed under both physiological and pathological

conditions (Pooler et al., 2014).

As for amyloid plaques, NFTs can accumulate in some individuals without cognitive
dysfunction. However, the aberrant accumulation of soluble phospho-tau species, ranging
from monomers to high molecular weight multimeric forms, into the synaptic compartment
was associated with dementia (Perez-Nievas et al., 2013). Additionally, in mild cognitive
impairment, cognitive status correlates with pre-fibrillar tau rather than NFTs (Mufson et al.,
2014). In transgenic mice, neurodegeneration, synaptic loss and behavioral alterations can
occur independently from NFT pathology (Andorfer et al., 2005; Yoshiyama et al., 2007),
further suggesting that pre-fibrillar soluble oligomeric tau species are more synaptotoxic than
aggregated NFTs. Exposure to tau oligomers, either recombinant, extracted from AD brains or
in transgenic mice overexpressing human tau can indeed disrupt memory, as well as synaptic

and mitochondrial functions in mice (F4 et al., 2016; Lasagna-Reeves et al., 2011).

In addition, a reduction in tau phosphorylation through kinase inhibition decreases its seeding
activity and attenuates synaptic loss and LTP impairment in tau mouse models (Seo et al.,
2017). In mice expressing human wild-type tau, tau levels correlate with reduced LTP,
cognitive alterations and downregulation of synaptic protein expression (Alldred et al., 2012;
Polydoro et al., 2009). Spine morphology was moreover altered as the amount of thin spines
increased, as opposed to mushroom-shaped ones that are thought to mediate more stable

synaptic connections crucial for memory formation (Dickstein et al., 2010).

By altering axonal transport, tau pathological accumulation may modulate mitochondria and
receptor trafficking to synapses. This results in the impairment of synaptic vesicle release and
can potentially lead to a die-back of axons as a result of decreased ATP production and calcium
buffering (Forner et al., 2017). Indeed as for AR, pathological tau may be involved in calcium

dysregulation and mediate presynaptic dysfunction (Moreno et al., 2016).

Tau localizes both in the pre- and postsynaptic compartments, but the presence of phospho-
tau and tau oligomers in synaptosomes is more frequently observed in AD brains (Tai et al.,
2012). Pathogenic tau can bind to presynaptic vesicles via its N-terminal domain and the
transmembrane protein synaptogyrin-3, therefore impairing synaptic vesicle mobility and

release, and subsequently altering neurotransmission (Mclnnes et al., 2018; Zhou et al., 2017).
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The missorting of tau from the axonal to the somatodendritic compartment is considered
pathologic. In mice, it leads to synaptic degeneration and dendritic spine loss, impairs
mitochondrial transport (Thies and Mandelkow, 2007) and disrupts synaptic function by
altering NMDA and AMPA glutamate receptor trafficking and synaptic anchoring (Hoover et
al., 2010). Synaptic activity increases tau secretion into the extracellular space (Yamada et al.,
2014) and its phosphorylation, which can enhance its mislocalization into dendritic spines and

postsynaptic terminals (Frandemiche et al., 2014).

1.7.4.4. AB and tau synerqy at the synapse

A growing body of evidence suggests that AB and tau might have a synergic role in altering

normal synaptic functions.

In human AD brains and transgenic rat cortices, synaptic AB oligomers can be detected at early
stages of the disease, while phospho-tau increases in the synaptic compartment at late stages.
Throughout the course of AD pathology, early synaptic alterations may be mediated by AB
whereas tau contribution to synaptic damage becomes more preponderant in late stages and

subsequently leads to dementia (Hyman, 2011).

The chronology of AB and tau accumulation at the synapse suggests that oligomeric AR may
drive phosphorylated tau accumulation and synaptic spread (Bilousova et al., 2016). Indeed,
it has been suggested that AP oligomers can lead to a local rise in cytosolic calcium and drive
tau hyperphosphorylation and aggregation into NFTs (lttner et al., 2010) as well as its
missorting into dendrites (Zempel et al., 2010). This in turn leads to impaired axonal transport,

synaptic degeneration and functional alteration.

A positive feedback loop between AB and tau has been hypothesized, in which AB initiates tau
pathology, which in turn aggravates AP toxicity (Bloom, 2014). Several studies suggest that
tau may mediate AB-induced synaptotoxicity (Ittner et al., 2010). Indeed, in vitro, tau knockout
in neurons prevents AB-associated spine loss and microtubule degradation (Zempel et al.,
2010). The AB-associated elevation of intracellular calcium can activate the CAMKK2-AMPK
kinase pathway, which mediates the synaptotoxic effects of AB oligomers through tau
phosphorylation (Mairet-Coello et al., 2013). Moreover, dendritic tau can mediate AP toxicity
by interacting with the Fyn kinase at the postsynapse. This interaction leads to the

phosphorylation and binding of NMDA receptors to the postsynaptic density protein 95 (PSD-
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95), strengthening glutamate excitatory signals which in turn enhances AP toxicity (Haass and
Mandelkow, 2010; Ittner et al., 2010). In addition, removing endogenous tau was shown to

prevent AB-induced cognitive alterations (Spires-Jones and Hyman, 2014).

1.7.4.5. Neuroinflammation-mediated synaptotoxicity

Neuroinflammation may also play a critical role in synaptic impairment. Indeed, microglia are
modulators of neurodegeneration through the phagocytosis of synaptic elements and the
release of neurotoxic mediators. Although human genetic data suggest that proper microglial
function protects against AD, considerable evidence also suggest the detrimental roles of
microglia in synaptic loss. Indeed, many studies put forward that the aberrant activation of
developmental microglia-associated synaptic pruning mechanisms may mediate synaptic loss
in AD. Moreover, synaptic density reduction was shown to correlate with the internalization

of the postsynaptic marker homer by microglial cells (Hong et al., 2016).

The involvement of the complement cascade in microglia-associated synaptotoxicity has been
widely studied. The expression profile of complement proteins shows low baseline levels of
Clqg and C3 expression all throughout life, except for a significant upregulation during
development and normal aging (Rajendran and Paolicelli, 2018). In mice, C1q depletion leads
to a reduction in microglial activation and in synaptic loss, supporting the detrimental role of

Clg on neuronal integrity (Fonseca et al., 2004).

In human AD brains, complement upregulation was associated with amyloid plaques, as well
as neurofibrillary tangles and dystrophic neurites (Zanjani et al., 2005). Clg can tag tau-
affected synapses, leading to microglial engulfment and synaptic loss in mice (Dejanovic et al.,
2018). It was suggested that tau may induce local apoptotic mechanisms leading to
phosphatidylserine exposure on synapses, to which Clq can bind (Paidassi et al., 2008) and

act as a “eat-me” signal to microglia (Brelstaff et al., 2018).

Interestingly, prior to plaque deposition in mouse models, microglia were shown to mediate
early synaptic loss through the complement pathway when exposed to soluble AB oligomers
(Hong et al., 2016). AB oligomers can indeed upregulate C3 expression in microglia, which
promotes the removal of synapses. Conversely, C3-mediated impairment of microglial
phagocytic function has been reported at late stages of the disease when amyloid plaques are

abundant (Lian et al., 2016). In vitro, acute C3 activation promotes microglial phagocytosis, as
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opposed to chronic exposure to C3 (Lian et al., 2016). These studies highlight the importance

of disease stage in complement-mediated regulation of microglial phagocytosis.

Activated microglia can also induce the phosphorylation and upregulation of AMPA receptors,
resulting in excitotoxicity, synaptic degeneration and dendritic spine loss (Centonze et al.,
2009). Dysregulation in microglial activity can moreover increase the release of neurotoxic
mediators, such as TNFa, nitric oxide and IL-6, which can ultimately promote synaptic
degeneration (Wang et al., 2015) and reduce the release of soluble factors critical for synaptic
plasticity and function such as the brain-derived neurotrophic factor (BDNF) (Parkhurst et al.,

2013).

In addition, microglia can trigger the conversion of astrocytes into a neurotoxic “Al” state
through the release of Clq, TNF and IL-1a (Liddelow et al., 2017). Al reactive astrocytes can
act in synergy with microglia by upregulating the expression of complement proteins and
participate in synaptic and neuronal dysfunction by reducing trophic support and impair
clearance (Liddelow et al., 2017; Zamanian et al., 2012). Interestingly, astrocyte-mediated
synaptic pruning and C1lg accumulation were shown to be highly dependent on APOE alleles,
as APOEe2 knock-in mice showed reduced Clq levels (which may represent the amount of
senescent synapses) and enhanced phagocytosis, as opposed to APOE€4 knock-in mice (Chung
et al., 2016). Compared to wild-type mice, astrocytes in tau P301S transgenic mice expressed
less thrombospondin 1, a major survival and synaptogenic factor, therefore suggesting that
tau can also mediate synaptic loss by impairing astrocytic functions (Sidoryk-Wegrzynowicz et
al., 2017). Moreover, in cultured hippocampal neurons tau oligomer accumulation within
astrocytes can disrupt calcium signaling and gliotransmitter release (including ATP), thereby
resulting in a decrease in synaptic vesicle release as well as pre- and postsynaptic protein

expression (Piacentini et al., 2017).

Altogether, these data highlight the complementary roles of AB, tau and neuroinflammation

in the impairment of synaptic function observed in AD.
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1.7.5. Neurodegeneration

Neuronal loss is another hallmark of AD. Although it parallels NFT development, it is a better
correlate of cognitive alterations than tau pathology (Gémez-Isla et al.,, 1997). The
neurodegenerative processes involved in normal ageing and AD are qualitatively different and
distinct patterns of neuronal loss have been reported (Brun and Englund, 1981; West et al.,
1994). Progressive neurodegeneration begins during AD preclinical phases, before plaque and
tangle formation (Mukhin et al., 2017), in specific vulnerable brain regions such as the CA1
region of the hippocampus and the entorhinal cortex, which are relatively spared during
normal ageing (Gémez-Isla et al., 1996; West et al., 1994). Neuronal density then decreases in
the temporal, frontal and parietal cortices, followed by other brain regions in late-stage AD,
including the olfactory bulbs, amygdala, basal nucleus of Meynert, substantia nigra, locus

coeruleus and dorsal raphe nucleus (Mukhin et al., 2017).

Alterations in postnatal neurogenesis and increased neuronal death are both involved in AD-
related neuronal loss (Mukhin et al., 2017). AB and tau are thought to act in concert to mediate
neurodegeneration notably by altering calcium homeostasis. Indeed given their soluble and
diffusible properties, AB oligomers can interact with membranes, compromise the lipid bilayer
integrity as well as disrupt membrane potential and ionic homeostasis notably by generating
calcium-permeable pores (Di Scala et al.,, 2016). Calcium dyshomeostasis may induce
mitochondrial dysfunction and subsequent oxidative stress and neuronal apoptosis (Canevari
et al., 2004). AB aggregation has been associated with the disruption of respiratory electron
transport chain complexes and oxidative damage mediated by the release of reactive oxygen
species (Bobba et al., 2013; Manczak et al., 2006). These phenomenon were also observed in
synaptic mitochondria and may therefore alter neurotransmitter release (Du et al., 2010).
Moreover, generation of nitric oxide as a response to AP exposure has been implicated in
mitochondrial fragmentation, synaptic loss and subsequent neuronal damage, in part via the
nitrosylation of dynamin-related protein 1 (Cho et al.,, 2009). It has been suggested that
pathological AB and tau intraneuronal accumulation may also cause endoplasmic reticulum
stress and induce apoptosis mediated by calpains and caspases (Bernales et al., 2012;
Nakagawa et al., 2000). Furthermore, through the release of neurotoxic factors during
neurogenesis, microglial cells have also been implicated in neuronal apoptosis (Brown and

Neher, 2014).
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1.8. Animal models of AD

Animal models are essential to investigate AD pathology and for the translation of drug trial
findings from bench to bedside. The proper selection and validation of animal models ideally
relies on three main criteria (Tadenev and Burgess, 2019):
- Construct validity, i.e. similar etiological origins and underlying pathophysiological
mechanisms;
- Face (or phenomenological) validity, i.e. similar phenotypes, including biology and
symptomatology;
- Predictive validity, i.e. similar responses to clinically effective interventions, including

drug administration.

However, no preclinical model can currently reproduce the full spectrum of AD pathology.
Here, we will present an overview of rodent transgenic models and spontaneous models of

AD.

1.8.1. Transgenic models

The emergence of transgenic models has allowed many advances in the understanding of AD
pathology. Most of them are rodents that overexpress human genes, thereby leading to the
artificial development of amyloid and tau pathologies. They present with many advantages as
they are well characterized, easy to handle and breed as well as cost-effective, therefore

allowing the study of large cohorts.

1.8.1.1. Transgenic mouse models of amyloidosis

The sequence of wild-type murine APP differs from the human APP in three amino acids within
the AB sequence (R5G, Y10F, H13R) preventing its aggregation into plaques (Drummond and
Wisniewski, 2017). Amyloid plaque formation in mice therefore requires the expression of

human APP.

The human wild-type APP model (huAPPy:) expresses a non-mutated form of the human APP
gene (under the control of the platelet-derived growth factor B chain promoter) leading to a
high ABi-42 production in neurons. However, this model does not spontaneously develop
amyloid plaques, as opposed to mice expressing human APP bearing fAD-related mutations

(Mucke et al., 2000) (Figure 18).
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Figure 18: Amyloid plaque deposition spontaneously occurs in fAD-mutant huAPP mice but
not in huAPPy: mice.

Hippocampal sections of huAPPy: (A), huAPPnq bearing the fAD 717ys¢ mutation (B) and
huAPPs, ind bearing the fAD 717vse and 670/671km->ne mutations (C). Amyloid plaques were
stained with the 3D6 antibody. Adapted from (Mucke et al., 2000).

In fAD-mutant huAPP models, neuritic plaques, gliosis, synaptic alterations (Games et al.,

1995) and neuronal loss (Masliah et al., 1996) have been reported.

Similarly, it has been shown that the co-expression of mutated APP and presenilin 1 genes
leads to a more severe pathology. This resulted in the generation of models exhibiting
different pathological and behavioral characteristics associated with different time courses,
depending on the mutations, the promoter and the background strain that were involved.
Overall, these models develop a heavy load of amyloid plaques associated with gliosis. They
display various levels of cognitive impairment that can be associated with synaptic alterations
and neuronal loss in some models. However, tau lesions were usually sparse and in the form

of pre-tangles rather than neurofibrillary tangles (Drummond and Wisniewski, 2017).

The APP/PS1dE9 model expresses a humanized APP gene with the Swedish K670N/M671L
mutations and a human PS1 gene lacking exon 9 (Jankowsky et al., 2004) under the mouse
prion promoter and on a C57BL/6J background. These mutations lead to an increase in
amyloid production and in the ABa2/40 ratio. This model begins to develop amyloid plaques by
4 months of age with a progressive increase in plague deposition until 12 months of age, both
in the cortex and hippocampus (Garcia-Alloza et al., 2006a). Secondarily to AR, insoluble
hyperphosphorylated tau aggregates, including PHFs, have been reported around amyloid
deposits at 18 months old (Metaxas et al., 2019). Neuroinflammation accompanies the
development of amyloid plaques (Kamphuis et al., 2012). Synaptic alterations were observed

at three months of age with a decrease in pre- and postsynaptic markers colocalization linked
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to microglial activation (Hong et al., 2016), and with LTP deficits by 6 months (Viana da Silva
et al., 2016). Deficits in contextual (Kilgore et al., 2010) and spatial memory (Volianskis et al.,
2010) have been reported at 6 and 12 months respectively, along with alterations in

spontaneous behaviors such as nest building and burrowing (Janus et al., 2015).

1.8.1.2. Transgenic mouse models of tauopathy

The lack of sequence homology between murine and human tau is thought to be involved in
the fact that mouse do not spontaneously develop neurofibrillary tangles. Indeed, adult mice
express a unique 4R tau isoform, as opposed to the human tau protein that exists under six

isoforms, with both 3R and 4R isoforms (Andorfer et al., 2003).

Tau knock-in mice (hTau) express all six isoforms of the human wild-type tau protein, but lack
the murine tau protein as its presence may interfere with human tau accumulation (Duff et
al., 2000). This model develops hyperphosphorylated tau and an age-dependent
mislocalization of tau from the axonal to the somatodendritic compartment. Moreover, tau
pathology shows a regional distribution similar to humans, with the majority of the pathology
observed in the neocortex and hippocampus (Andorfer et al., 2003). Tau aggregates are
observed in the forms of PHFs by 9 months and NFTs by 15 months of age (Andorfer et al.,
2005). Extensive neurodegeneration can be observed in this model but is not clearly
correlated with tau fibrillary accumulation, suggesting that cell death can occur independently
from NFT accumulation (Andorfer et al.,, 2005). Moreover, age-dependent cognitive and
synaptic deficits precede neurodegeneration as both object recognition and spatial memory
are altered and electrophysiological dysfunctions at the Schaffer collateral to CA1 pyramidal

cell synapses are reported by 12 months (Polydoro et al., 2009).

Most transgenic mouse models of tauopathy were engineered to overexpress the MAPT gene
bearing FTD-associated mutations, such as the P301L or P301S mutations. They develop NFTs
and neurodegeneration, as well as synaptic deficits and cognitive impairment. However, they
also display significant motor impairment as tau pathology develops in the spinal cord and
brainstem, thus interfering with behavioral evaluation and limiting their relevance in

translational research (Puzzo et al., 2014).

Moreover, most models develop widespread tau pathology that do not reflect the

stereotyped pattern of progression observed in AD (Braak and Braak, 1991). An AD-like
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progression of tau was reproduced in the rTgEC model, in which the overexpression of the
human 4R tau gene with the P301L mutation was restricted to the entorhinal cortex. Indeed,
progressive tau pathology was observed in the form of Gallyas-positive NFT-like aggregates in
the entorhinal cortex at 18 months and followed by hyperphosphorylated tau accumulation
in the dentate gyrus and CA1 region of the hippocampus by 24 months of age (de Calignon et
al., 2012).

1.8.1.3. Transgenic mouse models of amyloidosis and tauopathy

Transgenic mice overexpressing mutated forms of APP, MAPT and PS1 were also designed to
produce more complete models that recapitulate both amyloid and tau lesions. Among them,
the 3xTg mouse bearing the APP Swedish K670N/M671L, MAPT P301L and PS1 M146V
mutations is the most widely used. 3xTg mice develop age-related intracellular and
extracellular amyloid followed by NFTs in the hippocampus and cortex (Oddo et al., 2003).
Synaptic and cognitive alterations occur before plaque and NFT formation in this model
(Billings et al., 2005). Astrogliosis has also been reported (Caruso et al., 2013). However, the
appearance of these AD-like lesions is heterogeneous and shows high variability depending
on the breeding laboratory. Moreover, the applications of the 3xTg mouse model remain
limited as this model is based on the non-physiological overexpression of mutated proteins

that only reflect some aspects of fAD or FTD.

1.8.1.4. Transgenic rat models

Fewer transgenic rats were developed to model amyloid and tau pathologies. As for mice, the
expression of fAD-related mutations in APP and/or PS1 genes has been used to induce
extensive amyloid plague pathology in rats. The TgF344-AD rat line was generated on a Fisher
344 background and expresses the Swedish mutant human APP and the human PS1 lacking
exon 9 genes, both driven by the mouse prion promoter. Rats develop an age-dependent
amyloidosis in the forms of amyloid plaques, amyloid angiopathy, intraneuronal deposits and
soluble oligomers. Greater similarities with humans in the rat MAPT tau sequence resulted in
the development of NFT-like lesions, in aged rats without any tau mutations, both in the close
proximity of amyloid plaques and in regions without amyloid deposition. Neuronal loss and

behavioral changes, including hyperactivity, spatial learning and memory deficits, were
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reported by 16 months of age. Reactive microglia and astrocytes were increased at 6 months

of age, before amyloid deposition (Cohen et al., 2013).

Transgenic rat models of tauopathy are rarely described. Recently, the R962-hTau line
expressing the human 2N4R tau isoform with the P301S mutation under the control of the
mouse CAMKIlla promoter was generated. Rats displayed an age-dependent accumulation of
aggregated tau inclusions, neurodegeneration associated with cerebral atrophy and neuronal
loss, as well as activated microglia and astrocytes. Cognitive deficits in the novel object
recognition, Morris water maze and fear conditioning tasks were reported at advanced tau

pathology stages (Malcolm et al., 2019).

Although useful to evaluate specific pathological features, most transgenic models only
recapitulate parts of AD lesions and do not display widespread amyloid and tau pathologies.
In addition, the non-physiological overexpression of mutated genes and potential interactions
with endogenous proteins, needed to induce pathological features, poorly reflect the human
pathology phenotype. Therefore, the translational value of these transgenic models remains

limited.

1.8.2. Spontaneous models

Many animal species can spontaneously develop AD-like lesions as they age. Among them,

common degus, dogs and non-human primates were the most characterized.

1.8.2.1. Common degus

The common degu (Octodon degus) is a small rodent endemic in central Chile. It is the only
known wild-type rodent that naturally develops AD-like lesions with age. Its AP sequence is
highly homologous to humans, with a single amino acid substitution. The old common degu
can spontaneously develop amyloid deposits, both in cortical regions and in the hippocampus
(Braidy et al., 2015), as well as intracellular tau, NFTs and astrocytosis. Moreover, synaptic
impairment and deficits in spatial and object recognition memory correlate with AP oligomer
loads and tau hyperphosphorylation (Ardiles et al.,, 2012). However, contradictory studies
have shown that common degus in captivity do not always develop these lesions with age

(Steffen et al., 2016).
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1.8.2.2. Dogs

Dogs have the same AB sequence as humans and can develop both amyloid plaques and
vascular deposits starting at 8-9 years old (Schitt et al., 2016; Uchida et al., 1991). The majority
of amyloid plaques are diffuse and follow a progressive pattern of distribution starting from
the prefrontal cortex to temporal and occipital cortical regions (Head et al., 2000), which
parallels human pathology. Moreover, AB oligomer load increases with age while the CSF
ABa2/ABao ratio decreases and is a good predictor of cerebral amyloidosis (Head et al., 2010).
As for tau pathology, a limited number of cognitively impaired dogs were shown to develop
pre-tangles, but not NFTs, and accumulate hyperphosphorylated tau in synaptosomes (Smolek
et al., 2016). In addition, aged dogs can display cortical and hippocampal atrophy (Tapp et al.,
2004).

1.8.2.3. Non-human primates

Non-human primates (NHPs) have the advantage of being phylogenetically close to humans
and show many similarities with them in terms of physiology, neuroanatomy and behavioral
complexity. In addition, AB and tau proteins are highly homologous in NHPs and humans. Aged
NHPs can replicate the human aging process and develop AD-like pathological features,

although they do not manifest the full phenotype of AD.

1.8.2.3.1. Great apes

Technical constrains such as a long lifespan (up to 60 years for chimpanzees and gorillas) and
ethical concerns resulted in very few studies characterizing the neurobiological process of

aging in great apes.

Senile plagues and amyloid angiopathy have been reported in various great apes including
chimpanzees (Pan troglodytes) (Gearing et al., 1994), gorillas (Gorilla gorilla) (Kimura et al.,
2001; Maérquez et al.,, 2008) and orangutans (Gearing et al., 1997). Overall, vascular
amyloidosis appears to predominate over parenchymal plaque deposition, which is usually
very sparse. Old chimpanzees can display similar levels of cerebral insoluble AB than AD
patients. However, NHP amyloid proteins might have specific biophysical properties that are
different to humans as suggested by a lower affinity for the PiB benzothiazole imaging agent

(Rosen et al., 2011).
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The presence of NFTs in great apes remains unclear. Some tau deposits were reported in the
gorilla (Marquez et al., 2008) and one case report has revealed cortical AD-like PHFs following
a stroke in an aged chimpanzee that displayed several human AD risk factors such as obesity

and hypercholesterolemia (Rf et al., 2008).

Cognitive impairment and more specifically spatial memory alteration has also been reported

in aged chimpanzees (Lacreuse et al., 2014).

1.8.2.3.2. Old world monkeys

Spontaneous age-related parenchymal and vascular deposition of amyloid has been observed
in aged rhesus monkeys (Macaca mulatta) (Poduri et al., 1994; Uno et al., 1996) as well as
cynomolgus monkeys (Macaca fascicularis) (Nakamura et al., 1998) with variability among
animals. As opposed to humans, plaques were mainly composed of AB4o (Gearing et al., 1996;
Sani et al., 2003). Aged rhesus monkeys mainly displayed diffuse plaques although some
compact cortical plagues have been described in the eldest (after 29 years) as well (Sani et al.,
2003). Swollen neurites and gliosis (microglial and/or astrocytic activations) have been

reported around plaques (Poduri et al., 1994).

A neocortical to allocortical spreading of amyloid plaques, starting from association cortical
areas to paralimbic and limbic cortical regions has been reported in old rhesus monkey (Sani
et al., 2003), similar to human pathology (Thal et al., 2006b). Deposition in subcortical regions
were located within the striatum and the caudate nucleus. However, another report
suggested that amyloid plaque deposition follows a pattern specific to each individual (Sloane
et al., 1997), further supporting the high variability of amyloid pathology among rhesus
monkeys. As opposed to amyloid spreading in AD, the hippocampus is usually reported as free
of plaques and only a few neuritic plaques are usually observed in aged rhesus monkeys

(Sloane et al., 1997).

Occasional abnormally phosphorylated tau depositions were observed in the brains of rhesus
monkeys (Hartig et al., 2000) and cynomulgus monkeys (Oikawa et al., 2010), but NFTs were
not reported. Interestingly, age-related pathological tau progression has also been observed
in old baboons (Schultz et al., 2000), with abnormally phosphorytaled tau proteins described

in both neurons and glial cells (Schultz et al., 2001).
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Cortical thickness remains stable with age and no evidence of neurodegeneration has been
reported in the neocortex nor in the hippocampal formation. No change in astrocytic and
microglial densities were observed either (Peters and Kemper, 2012). Aging however impacts
the synaptic organization of the cerebral cortex as a significant decrease in excitatory and
inhibitory synapses (Peters et al., 2008) along with a loss of dendritic spines (Kabaso et al.,
2009) from the upper layers of the prefrontal cortex were correlated with cognitive
impairment. A significant reduction in nerve fibers from white matter tracts in the splenium
of the corpus callosum, the fornix and the anterior commissure has been correlated with

increasing age and cognitive decline (Peters and Kemper, 2012).

Old-world monkeys can develop cognitive deficits with age. Notably, recognition and spatial
memory alterations (Herndon et al., 1997), decrease in performances in reversal learning (Lai
et al., 1995) and set-shifting (Moore et al., 2006) can appear in middle-aged rhesus monkeys,
in their early twenties. Interestingly, novel object recognition deficits in old rhesus macaques
have been associated with hyperactivity in the CA3 region of the hippocampus, compared to
adult animals (Thomé et al., 2016). No correlation has been reported between cognitive status

and amyloid plague burden (Sloane et al., 1997).

1.8.2.3.3. New world monkeys

Some parenchymal plaques and mostly amyloid angiopathy were found in the brains of aged
squirrel monkeys (Saimiri sciureus) (Elfenbein et al., 2007) and marmosets (Callithrix jacchus).
In the former species, histological studies have shown that amyloid lesions were composed of
both AB4o and ABa4; and were particularly abundant in the neocortex, whereas only a few
lesions were found in the amygdala and the hippocampus (Elfenbein et al., 2007). For the
marmoset, association cortical regions were predominantly affected followed by less lesions
in the paralimbic cortex (Geula et al., 2002). Vascular AB deposits were found to affect

arteries, arterioles and capillaries in the squirrel monkey (Elfenbein et al., 2007).

As in great apes and old world monkeys, no significant tau pathology has been observed in the
brains of new world monkeys although a few neurons bearing abnormally phosphorylated tau
were observed in aged squirrel monkeys (Elfenbein et al., 2007). Moreover, dystrophic
microglia in aged marmosets were shown to be associated with hyperphosphorylated tau

(Rodriguez-Callejas et al., 2016).
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Alterations in the prefrontal cortex functions were observed in the squirrel monkey, as
suggested by impaired cognitive response inhibition, that was moreover correlated with an

increase in white matter volume (Lyons et al., 2004).

1.8.2.34. Prosimians : the gray mouse lemur

Technical constraints associated with the need for specific housing facilities, breeding and long
lifespan have led to limited studies in NHPs. The gray mouse lemur (Microcebus murinus)
model presents with many advantages including, their small body size and a relatively short
life expectancy of approximately twelve years in captivity. Additionally, it can be easily bred

and kept in captivity at low costs (Pifferi et al., 2019) (Figure 19).

Figure 19 : The gray mouse lemur (Microcebus murinus)

As the mouse lemur was the primate species used in this PhD thesis, the following paragraphs

of the Animal models of AD chapter will be exclusively dedicated to its presentation.
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1.8.3. The gray mouse lemur: an emerging model of AD pathology

1.8.3.1. Generalities on the mouse lemur

The gray mouse lemur belongs to the Strepsirrhini suborder, the Lemuriformes infraorder and
the Cheirogaleidae family originating from Madagascar. It is one of the smallest primates in
the world with a body length of approximately 15 cm and a 60 to 80 g body weight (Pifferi et
al., 2019). The mouse lemur is an arboreal species which vertical jump can reach up to 33+4
cm (Legreneur et al., 2010). It is a nocturnal and solitary forager that frequently rests in groups

during daytime. Its diet is omnivorous and mainly composed of fruits and insects.

The mouse lemur is very sensitive to photoperiodic variations and shows a high phenotypic
plasticity allowing its adaptation to fluctuating environmental conditions. During the 6 months
of the cool and dry season, characterized by a short photoperiod, low temperatures and
limited food resources, the mouse lemur adapts to its hostile environment by developing
energy saving strategies. It is a heterothermic species that can go into daily torpor, a state of
decreased activity associated with reduced body temperature, hypometabolism and
increased fat deposits. Conversely, during the hot rainy season, characterized by a long
photoperiod, elevated temperatures and food abundance, physical activity increases along

with metabolic rate whereas its body weight decreases (Pifferi et al., 2019).

The mouse lemur reproductive activity is seasonal, with the summer corresponding to the
mating period. Various physiological and hormonal changes occur: increase in testicle size,
functional spermatogenesis and high testosterone levels in the males, entry in the ovulatory
period, rupture of the vulva membrane in the females (Eberle and Kappeler, 2004; Perret,
1997). Following a two-months gestation period, females give birth to 1 to 3 offspring per
litter with a weaning period of 6 to 8 weeks (Perret, 2005). The transition into adulthood
occurs at 6 to 8 months of age together with sexual maturity and the first signs of ageing

appear at approximately 6 years old.

In its natural biotope, the mouse lemur lifespan is relatively short (approximately 3 to 4 years)
because of food restriction, parasitism and high predation by hawks and snakes (Lutermann
et al., 2006). However, mouse lemurs can live up to 12 years in captivity, allowing the study of
sensorimotor, endocrine, physiological and cerebral alterations that occur as they age. As

these alterations are similar to modifications occurring in humans, the mouse lemur appears
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as a privileged model to study physiological and pathological ageing processes and their
consequences on brain function. Indeed, it is an emerging model in the study of AD pathology
since it is estimated that around 20% of aged individuals display AD-like pathological changes

(Languille et al., 2012).

1.8.3.2. AD-related genes similarities with humans

Genes associated with fAD have been partially sequenced in Microcebus murinus. The mouse
lemur APP, PS1 and PS2 genes have respectively a 100, 95.3 and 95.6% sequence homology
with their human counterparts (Calenda et al., 1998, 1996; Silhol et al., 1996). Of note,
differences in presenilin amino acid sequences do not correspond to known mutations in fAD
(Bons et al., 2006). Mouse lemurs are APOEe4 homozygotes, and this allele presents a 92.7%

homology with the human sequence, differing by a single nucleotide (Calenda et al., 1995).

Interestingly, transcriptomic studies have highlighted the differential expression of various
genes involved in the regulation of protein synthesis in lemurs undergoing normal ageing

compared to animals presenting an AD-like pathology (Abdel Rassoul et al., 2010).

1.8.3.3. Cognitive alterations

During their normal ageing process and with the same 10% prevalence as in humans over 65,
mouse lemurs can develop cognitive deficits with progressive alterations in executive
functions and declarative memory (Languille et al., 2012). Additionally, a decline in attention
and visual discrimination has been reported among aged subjects (Bons et al., 2006;
Schmidtke et al., 2020), as opposed to procedural memory which is relatively spared (Languille

et al., 2012; Steenland et al., 2016).

1.8.3.4. Brain morpholoqgical and functional changes

Aged lemurs can develop a massive brain atrophy associated with cerebral ventricle dilation

(Bons et al., 2006; Kraska et al., 2011) (Figure 20).
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Figure 20: Cerebral atrophy in the aged mouse lemur

Axial (A-B) and coronal (C-D) MRIs from a young 5.5-year-old lemur (on the left) and an aged
8.8-year-old lemur (on the right). Atrophy in the aged animal was measured through the
evaluation of the CSF volume (arrow) (Kraska et al., 2011).

Similarly to humans, interindividual variability can be observed among mouse lemurs.
Interestingly, some aged animals can develop specific alterations reminiscing of an AD-like
pathological process. Indeed, in some cases, old lemurs show septal and medial temporal
atrophy, including in the hippocampus and the entorhinal cortex, regions that are normally
spared during physiological ageing. These lesions are respectively correlated with executive

dysfunction and spatial memory impairment (Picq et al., 2012).

Additionally, glucose metabolism alterations have been reported following blood examination
(Djelti et al., 2016) and PET functional imaging (Dorieux, 2012). As in humans, impaired fasting
blood glucose was correlated with cerebral atrophy and cognitive impairment in middle-aged
animals, suggesting the role of metabolic alterations as a risk factor for pathological ageing

(Djelti et al., 2016; Geijselaers et al., 2015).

Finally, functional MRI studies have highlighted that aged lemurs can display alterations in the
default-mode network, which is also predominantly impaired in AD patients (Garin et al.,

2021).
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1.8.3.5. Neuropathological lesions

Neuropathologically, AD-type lesions can also be found in some aged animals and their

presence has been correlated with the severity of brain atrophy (Kraska et al., 2011).

1.8.3.5.1. A pathology

Parenchymal AB plaques are predominantly observed in cortical regions, more specifically in
occipital and parietal cortices, and can occasionally expand to the hippocampus, amygdala,
thalamus and brainstem. Both diffuse and dense core plaques can be found, as well as
intracellular deposits. Additionally, vascular deposits are observed in the wall of
leptomeningeal vessels, cortical arterioles and capillaries in 30% of aged animals (Languille et
al., 2012) (Figure 21). Most cortical plaques are ABs2-immunopositive whereas only a subset

is positive for ABao (Mestre-Francés et al., 2000).

Figure 21: AB deposition in aged mouse lemurs

Extracellular diffuse (A) and dense core (B) plaques, or intracellular amyloid deposits (C) in
aged mouse lemurs. The symbol * indicates the lumen of arterioles (Bons et al., 2006; Kraska
et al.,, 2011).

In aged lemurs, low ABso plasmatic levels have been associated with white matter and
subcortical atrophy (Gary et al., 2018), and inversely correlated with cerebral AB intracellular
levels (Roy et al., 2015). Additionally, poor performance in discrimination tasks in old age has

been shown to predict AB accumulation (Schmidtke et al., 2020).

1.8.3.5.2. Tau pathology

Abnormally aggregated tau proteins can be found both in young adults and aged animals

(Figure 22). However, the prevalence and density of tau-positive accumulation increase with
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age. Additionally, an age-related regional progression of tau pathology has been observed
with lesions appearing early in the neocortex and affecting the subiculum, entorhinal cortex
and amygdala of animals over 8 years. Interestingly, in animals of 8 years or more, these
lesions occur with a density comparable to that seen in AD patients (Bons et al., 2006;
Giannakopoulos et al., 1997). However, tau lesions are morphologically and biochemically
different from NFTs in AD brains. Indeed, they are mainly localized in the soma and neurites
of neurons from the frontal and occipital cortices, and only some of them are labeled with

human anti-PHFs antibodies (Bons et al., 1995).

Figure 22: Tau pathology in an aged mouse lemur

Tau protein-immunoreactive accumulations in the parietal cortex of an old 6-year-old mouse
lemur (Giannakopoulos et al., 1997).

During ageing, a change of conformation and stabilization in the tau hyperphosphorylation
state leads to an increase in the apparent molecular weight of tau variants, shifting from 52-
54, 64 and 67 kDa to 60 and 70kDa variants. Interestingly, the 60 kDa variant is recognized by
PHF-directed antibodies suggesting the presence of AD-type epitopes in the mouse lemur

brain (Delacourte et al., 1995).
Of note, no correlation has been reported between AP and tau lesion densities
(Giannakopoulos et al., 1997).

1.8.3.5.3. Gliosis

Activated microglia and astrocytes have been associated with amyloid plaques (Bons et al.,
2006; Giannakopoulos et al., 1997) (Figure 23). Additionally, in the presence of AB plaques,

GFAP levels were shown to increase by two-fold (Languille et al., 2012).
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Figure 23: Amyloid-plaque associated glia in the mouse lemur brain

Double immunolabeling revealed (A) microglia (anti-ferritin labeling) and (B) astrocytes (anti-
GFAP) in the area of amyloid plaques (anti-ABa2) (Bons et al., 2006).

1.8.3.5.4. Synaptic alterations

A dramatic loss of basal ganglia cholinergic neurons is commonly found in aged animals,
reaching 40% in the accumbens nucleus, 70% in the caudate nucleus and 80% in the globus
pallidus. Remaining neurons show an altered morphology with the shortening of neuritic
processes, lack of ramifications and large vacuoles in the soma (Languille et al., 2012). The
most severely affected animals also show AP plaques, tau-positive deposits, poor cognitive
performances and altered behavior associated with a loss of biorhythm (Bons et al., 2006).
Additionally, a decrease in catecholaminergic and serotoninergic neurons has also been

reported in old animals, albeit to a lesser extent (Bons et al., 2006).

Interestingly, the administration of currently approved cognitive enhancers, ie. the
acetylcholinesterase inhibitor donepezil and the NDMA receptor antagonist memantine, in
mouse lemurs, can prevent sleep-induced cognitive deficits, highlighting the translational

potential of the mouse lemur model (Rahman et al., 2017).

1.8.3.6. Advantages and limits of the mouse lemur model

The mouse lemur clearly appears as an emerging model of AD as many aspects of its
pathological ageing process resemble sporadic AD pathology. It naturally models biological
heterogeneity and spontaneously develops AD-like lesions at an advanced age, including
cognitive deficits, morphological and functional brain alterations associated with synaptic
changes, AB and tau deposition and neuroinflammation. As in sporadic AD, these lesions are
not associated with specific mutations in APP or presenilin genes. Moreover, mouse lemurs
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can show altered social interactions with stereotyped behavior such as isolation and
aggressiveness, loss of normal circadian rhythmicity and display impaired olfaction with
olfactory brain structures showing structural degeneration, AB deposition and gliosis (Bons et
al.,, 2006). As in humans, aged animals show impaired cognitive function along with brain

atrophy, age-related AP and tau pathologies and loss of cholinergic neurons (Bons et al., 2006).

However, the mouse lemur model also has several limitations. Biologically, mouse lemurs
exhibit particularities that oppose them to humans such as being nocturnal and highly
photoperiodic species with marked seasonal phenotypes (Languille et al., 2012). The
neuroanatomy of the mouse lemur brain is characterized by a size that it similar to the rat
brain (approximately 23 mm long, 18 mm wide and 1.7g weight) and a distinct macroscopic
organization with reduced cortical surface in comparison with other primates (Bons et al.,
1998; Le Gros Clark, 1931). Furthermore, the pattern of brain atrophy observed during aging
is different as it begins in the frontal cortex and progresses to the temporoparietal and
occipital regions (Kraska et al., 2011), while in AD medial temporal structures are first affected
followed by the lateral temporal, inferior parietal and orbitofrontal regions (Rasero et al.,
2017). Finally, the distribution of AB and tau deposits sharply contrasts with humans as lesions
are mainly found in cortical regions as opposed to the hippocampus which is largely spared
(Giannakopoulos et al., 1997). This suggests a differential neuronal vulnerability to
pathological protein accumulation in mouse lemurs. Additionally, these AD-type lesions only
spontaneously develop after 6 years of age and in approximately 20% of mouse lemurs (Bons
et al., 1992). As for rodent and other NHP models, the occurrence of these lesions should be

experimentally accelerated to facilitate their characterization.

In conclusion, although available models do not fully reproduce the complete spectrum of AD,
some are able to recapitulate several aspects of AD pathology. More specifically, NHPs appear
to have an important translational value in AD research due to their genetic and biological
proximity with humans. Of note, the mouse lemur could be considered as a good compromise

between rodent and higher primate models.

To promote the occurrence of AD pathology in animal models, genetic manipulation has been
widely used but other procedures have also been undertaken. In particular, the prion-like

hypothesis of AD posits that AR and tau pathological aggregates can induce the misfolding and
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pathological conversion of native proteins. Thus, over the last decades, new paradigms were
established to induce widespread AP and tau pathologies through the intracerebral injection
of AB and tau pathological proteins, either synthetic or extracted from the brains of human
AD patients or transgenic models. These inoculated models provide a unique opportunity to
re-examine relationships between AD core lesions and downstream neurodegenerative
processes (see § 4.4. Prion-like hypothesis of AD — Seeding experiments). During my PhD
thesis, we investigated the impacts of human AD brain extracts inoculations in two
complementary models, well-characterized in our laboratory, namely, the APP/PS1dE9 mouse

model and the mouse lemur primate model (see Results chapter).
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2. Sporadic AD heterogeneity

AD is a heterogeneous disorder characterized by different genotypes and phenotypes. In the
context of sporadic AD, multiple pathophysiological outcomes associated with different

clinical presentations can be observed, dividing sporadic AD into multiple subtypes.

2.1. Clinical subtypes of AD

AD is commonly characterized as a late-onset amnestic-predominant disorder. However,
various atypical subtypes have been clinically identified, including both amnestic and non-
amnestic variants. They differ from typical AD in their cognitive profile, age of onset and rate
of disease progression. Indeed, while the atypical amnestic variant is associated with a late
onset and slower rates of decline than typical AD, non-amnestic AD variants are characterized
by an early onset, faster rates of decline and an APOE€4 negative genotype (Scheltens et al.,
2017, 2016). These non-amnestic atypical variants, e.g. visuospatial (including posterior
cortical atrophy; PCA), language (including logopenic primary progressive aphasia; LPA) and
frontal variants, account for approximately 14% of AD cases (Galton et al., 2000). Interestingly,
each clinical variant is also characterized by specific focal patterns of brain
hypometabolism/hypoperfusion reflecting the involvement of different functional networks.
Additionally, distinct patterns of AB and tau deposition can also be observed in each subtype
(Lam et al., 2013) and the most atrophied and hypometabolic regions greatly overlap with the

ones showing the most severe tau deposition (Lehmann et al., 2013).

2.1.1. Pure amnestic temporal AD

Pure amnestic AD patients show isolated defects of episodic and semantic memory while
visuospatial and executive functions are relatively spared (Butters et al., 1996). Cerebral
hypoperfusion is prominent in the mesial temporal lobes and absent in temporo-parietal
regions usually affected in typical AD (Cappa et al., 2001). Neuropathologically, pure amnestic
AD patients may correspond to a subset of late-onset cases with NFTs restricted to limbic

areas, even at late stages of the disease (Armstrong et al., 2000).
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2.1.2. Posterior cortical atrophy

PCA clinical phenotype is characterized by predominant visuospatial and visuoperceptual
alterations (Karantzoulis and Galvin, 2011; Scialo et al., 2019). Right parietal hypometabolism
with reduced FDG uptake can be observed in the right ventral default mode, right executive-
control and higher-order visual networks (Lehmann et al., 2013). Tau regional distribution
differs from typical AD cases as NFT occurrence in occipital regions is more frequent
(Karantzoulis and Galvin, 2011; Scialo et al., 2019). Moreover, differences in the molecular
architecture of misfolded AB was also observed between PCA and typical AD, using

luminescent conjugated oligothiophenes binding to amyloids (Rasmussen et al., 2017).

2.1.3. Logopenic primary progressive aphasia

LPA is a language variant associated with a slow speech rate, impaired single-word retrieval in
spontaneous speech as well as sentence comprehension and repetition deficits. As opposed
to other primary progressive aphasias, grammar and articulation are preserved (Gorno-
Tempini et al., 2008). Gray matter atrophy or hypoperfusion can be observed in left posterior
temporal and inferior parietal regions (Gorno-Tempini et al., 2008), as well as a trend towards
lower FDG uptake in the left language network (Lehmann et al., 2013). Interestingly, sentence
repetition and comprehension deficits were positively correlated with AR neocortical load
(Leyton et al., 2011). LPA patients moreover display greater tangle deposition in left
hemisphere language regions and higher neocortical-to-entorhinal tangle ratio than typical

AD cases (Gefen et al., 2012).

2.1.4. Frontal AD variant

The frontal variant is a very rare early-onset subtype associated with predominant behavioral
alterations and executive dysfunction, illustrated by poor performances in tests evaluating
frontal lobe function (Karantzoulis and Galvin, 2011; Scialo et al., 2019). Bilateral atrophy in
temporo-parietal regions can be observed, as opposed to the frontal cortex that is mostly
spared by neurodegeneration (Ossenkoppele et al., 2015). However, NFT load in the frontal
cortex is approximately ten-fold higher than in typical AD, whereas AB burden remains similar

(Johnson et al., 1999).
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2.2. Atrophy-defined subtypes of AD

Based on neuroimaging and neuropathological studies, four AD subtypes associated with
distinct atrophy patterns were identified. Patients were classified as typical AD, limbic-
predominant, hippocampal sparing or minimal atrophy AD, with respective frequency of 55,
21, 17 and 15% (Figure 24) (Ferreira et al., 2020, 2017; Persson et al., 2017). Moreover,
patterns of brain hypometabolism and atrophy match in these subtypes, with each subtype
associated with a distinct pattern of brain network disruption, presumably reflecting the
differential spread of NFTs (Ferreira et al., 2020, 2019). Indeed, tau-PET imaging shows a
strong regional association with AD clinical and anatomical heterogeneity, as opposed to AB
imaging (Ossenkoppele et al., 2016). Additionally, subtypes also differ in their age of onset,
sex distribution, education level, global cognitive status, APOE€4 genotype and CSF biomarker
levels (Ferreira et al., 2020). Disease duration is comparable between these four subtypes

(Ferreira et al., 2020).
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Figure 24: Atrophy-defined subtypes of AD

(A-D) Cortical maps of differences in thickness when comparing MRIs from healthy controls
with MRIs from different AD subtypes, after controlling for age, gender, education level and
APOEe4 status. Atrophy significance level is illustrated by the colored bar showing various
shades of blue. Lateral (the first two images on the left of each row) and medial (the two
images on the right of each row) views of both the left (L) and right (R) hemispheres are shown
for each subtype. (E) Boxplot of the average hippocampal volume controlling for total
intracranial volume, age, education level and APOEe4 status. Data are presented as median
and confidence intervals. Adapted from (Ferreira et al., 2017).

2.2.1. Limbic-predominant

The limbic-predominant variant is associated with a late-onset and slow disease progression
(Ferreira et al., 2020). APOEe4 carriers and females are more frequently affected (Ferreira et

al.,, 2020). Compared with typical AD, patients display greater amyloid PET binding in the
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medial frontal and parietal cortices (Ferreira et al., 2020). Tau pathology assessed by PET-
imaging affects both temporal lobes, as well as the posterior cingulate (Whitwell et al., 2018).
Moreover, while typical AD is characterized by NFT deposition both in the hippocampus and
association cortex, limbic-predominant AD patients mainly display tau deposits in the
hippocampus with relative sparing of the cortex (Murray et al., 2011). In addition, vascular
pathologies such as hypertensive arteriopathy seem to play an important role in the

pathophysiology (Ferreira et al., 2020).

2.2.2. Hippocampal sparing

Hippocampal sparing AD is a non-amnestic variant characterized by the earliest disease onset
among atrophy-defined AD subtypes (Ferreira et al., 2020). It is the most aggressive form,
associated with higher levels of neurodegeneration, the highest rate of decline and younger
age at death (Ferreira et al., 2020; Na et al., 2016). APOEe€4 non carriers and males are more
frequently affected (Ferreira et al., 2020). Hippocampal sparing AD patients have the highest
level of education or cognitive reserve in comparison with other atrophy-defined subtypes

(Ferreira et al., 2020).

CSF biomarker evaluation revealed that hippocampal-sparing AD patients show lower AP, but
higher phospho-tau levels than typical AD, and increased CSF total tau compared to limbic-
predominant AD suggesting more severe neurodegeneration (Ferreira et al., 2020).
Neuropathologically, AB deposition evaluated by Florbetapir-PET imaging is more severe in
the frontal and parietal cortices compared to typical and limbic-predominant AD (Hwang et
al., 2015). Moreover, patients rather show increased levels of NFTs in the association cortex
whereas the medial temporal lobe, including the hippocampus, is largely spared (Murray et
al., 2011). The contribution of CAA in hippocampal sparing AD pathology appears to be strong
(Ferreira et al., 2018a). Interestingly, hippocampal-sparing AD is more commonly associated
with atypical non-amnestic subtypes such as PCA, LPA and the frontal variant of AD, than other

atrophy-defined AD subtypes (Ferreira et al., 2020).

2.2.3. Minimal brain atrophy

Minimal atrophy AD shows comparable disease severity with other AD subtypes, despite the
lack of widespread atrophy (Ferreira et al.,, 2018a; Persson et al., 2017). Compared to

hippocampal-sparing AD, patients can display similar disease severity but no brain atrophy or
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minimal brain atrophy, possibly due to lower cognitive reserve (Ferreira et al., 2018a; Persson
et al., 2017). Indeed, minimal atrophy AD patients display higher levels of phospho-tau and
total tau in their CSF, compared to other subtypes (Ferreira et al., 2018a). Neurodegeneration
occurring at a molecular level, but not macroscopically, may therefore be sufficient to cause
clinical deterioration in these patients (Ferreira et al., 2018b). As for the hippocampal-sparing
subtype, CAA seems to play an important role in the pathophysiology of minimal atrophy AD

(Ferreira et al., 2018a).

2.3. Rapidly progressive AD

Disease progression rate, including survival time and rate of cognitive decline, can also be used
to define AD subtypes. Among patients referred to prion disease pathology surveillance
centres with clinical suspicion of Creutzfeldt-Jakob disease (CJD) because of a rapidly
progressing dementia and additional focal neurological symptoms, the rapidly progressive
form of AD (rpAD) has been identified following post mortem studies. AD is indeed the most
frequent differential diagnosis of CID (Chitravas et al., 2011) and it has been estimated that
rpAD, which clinically and neuropathologically differs from typical/classical AD, approximately

accounts for 10 to 30% of all AD cases (Schmidt et al., 2011).

2.3.1. Clinical presentation

rpAD is associated with an aggressive phenotype, characterized by a rapid clinical decline akin
to CJD and a short disease duration from onset to death. Indeed, while classical AD (clAD) is
characterized by a mean survival time of 8 to 10 years and a MMSE score decline of 3 points
per year, rpAD cases are defined by a disease duration of less than 3 years and an annual

decrease of 6 points in the MMSE cognitive test (Schmidt et al., 2011) (Figure 25).
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Figure 25: Comparison of disease duration between rpAD and clAD patients.
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Kaplan-Meier cumulative survival analysis of rpAD cases, initially referred to National Prion
Disease Pathology Surveillance Centre (rpAD, n=186), and classical/typical AD cases (clAD, n =
2605). ***p<0.001, log rank Mantel-Cox and generalized Wilcoxon test. Adapted from (Cohen
et al.,, 2015).

In contrast with typical/classical AD, rpAD cases are characterized by the early impairment of
the frontal lobe (Mann et al., 1992; Tosto et al., 2015). Indeed, early executive dysfunction
(Buccione et al., 2007; Mann et al., 1992; Tosto et al., 2015) along with extrapyramidal signs
such as rigidity, motor impairment, myoclonus, gait disturbances and language deficits
notably distinguish rpAD from classical AD (Cohen et al., 2016; Portet et al., 2009; Scarmeas
et al., 2005). Other clinical manifestations of rpAD patients include cerebellar ataxia, akinetic

mutism, a positive Babinski sign, aphasia and hallucinations (Schmidt et al., 2010).

2.3.2. Predictors of disease progression rate

Studies comparing baseline cognitive profiles of slowly and rapidly progressing AD patients
have highlighted that, despite similar ADAS-Cog and MMSE scores, a faster rate of decline was
associated with poorer performances on neuropsychological tests, especially memory,
attention, mental control, fluency and visuospatial construction evaluations (Buccione et al.,
2007; Marra et al., 2000; Seidl and Massman, 2016; Tosto et al., 2015). Deficits in executive
functions (Buccione et al., 2007; Mann et al., 1992; Tosto et al., 2015) and early motor and
extrapyramidal signs (Portet et al., 2009; Scarmeas et al., 2005) have also been observed in
rapid progressors. Moreover, many studies have reported a younger age at onset and lower
APOEe4 frequency in rpAD cases (Abu-Rumeileh et al., 2018, p.; Cohen et al., 2015; Pillai et al.,
2018).

Conflicting data however implicate comorbidities (including cardiovascular diseases and
diabetes) and demographic variables (such as education and sex) as predictors of cognitive
decline speed (Bowler et al., 1998; Cohen et al., 2015; Ito et al., 2011; Schmidt et al., 2011;
Seidl and Massman, 2016).
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2.3.3. Biomarker profile

Region-specific hypometabolism assessed by FDG-PET has been associated with rapidly
progressing AD cases, involving the left angular and temporal cortices (Ba et al., 2017) as well

as the frontal cortex (Mann et al., 1992).

Compared with typical AD patients, higher CSF levels of phospho-tau and total tau and lower
ABa2 CSF burden have been reported in rpAD cases (Schmidt et al., 2011). However, conflicting
results have also been observed with CSF levels of AR and tau pathology being comparable in
both cases despite a lower phospho-tau/total tau ratio (Ba et al., 2017). Additionally, the
presence of the 14-3-3 protein, a marker of rapid neurodegeneration usually associated with
prion diseases, is more frequently observed in rpAD (Schmidt et al., 2011, 2010). An elevation
in specific proinflammatory cytokines, e.g. IL-13, TNFa and G-CSF, has also been reported in

the serum of rpAD patients (Stoeck et al., 2014).

2.3.4. Neuropathology

The distribution of AB plaques and NFTs appear to be similar in rpAD and classical AD (Cohen
etal., 2015; Schmidt et al., 2012), although ABa42 deposition is more prominent in the posterior

cingulate cortex of rpAD patients (Cohen et al., 2015).

Interestingly, AB4> conformational heterogeneity was correlated with the rate of clinical
decline by Cohen and colleagues (Cohen et al., 2015). Structural heterogeneity was assessed
by evaluating differences in the domain display and stability under denaturing conditions. In
the posterior cingulate cortex and hippocampus, rpAD brains presented higher levels of
particles composed of 30 to 100 monomers and fewer particles of less than 30 monomers,
with more exposed N- and C-termini than typical AD brains. Higher levels of conformers with
low stability can also be found in rpAD cases, suggesting that these species may be more
susceptible to dissociation in vivo, therefore facilitating AP spreading (Cohen et al., 2015). In
addition, solid-state NMR studies revealed that rpAD patients exhibit highly heterogeneous
ABao fibril morphology as opposed to typical AD and PCA brains that display a predominant
ABao fibril structure (Qiang et al., 2017). Altogether, these studies further support the role of

different AB conformers in AD pathogenesis.

Furthermore, AB plaque proteomic composition shows a distinctive pattern of protein

expression in rpAD. Indeed compared with typical AD cases, rpAD-associated plagues showed
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higher levels of neuronal proteins and lower levels of astrocytic ones. Interestingly, proteins
involved in synaptic vesicle release were particularly abundant suggesting the involvement of
synaptic dysfunction in AB pathological progression (Drummond et al., 2017). Additionally, PrP
expression and localization differs between slowly and rapidly progressing AD cases resulting

in differences in the PrP interactome which may affect AD pathophysiology (Zafar et al., 2017).
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3.1. Epidemiology and etiology of human prion diseases

3. Prion diseases

Prion diseases or transmissible spongiform encephalopathies are a group of fatal
neurodegenerative disorders affecting both humans and animals. They are caused by an
unconventional agent, known as proteinaceous infectious particle or prion (Prusiner, 1982).
Prion diseases are characterized by conformational changes occurring in the prion protein
leading to its misfolding from a normal cellular isoform (PrP¢) to a pathological isoform
referred to as PrP>¢, in reference to scrapie, a naturally occurring prion disease in sheep and
goats. Other prion diseases affecting animals include transmissible mink encephalopathy,
chronic wasting disease in mule deer and elk, bovine spongiform encephalopathy (BSE) and

feline spongiform encephalopathy (Collinge, 2005).

3.1. Epidemioloqgy and etioloqy of human prion diseases

Human prion diseases can be classified according to their etiology and clinicopathological
phenotype. They can be caused by rare sporadic events, inherited mutations in the human

prion protein gene (PRNP) or acquired through dietary exposure or iatrogenic contamination.

3.1.1. Sporadic prion diseases

The majority of human prion disease cases occur sporadically as Creutzfeldt-Jakob disease
(CJD), which represents approximately 85% of all prion disease cases (Wadsworth et al., 2003).
It is assumed that sporadic CJD cases may arise spontaneously through somatic PRNP
mutations or through the stochastic conversion of PrP¢to PrP¢. However, it has been shown
that methionine and valine homozygosity at codon 129 of PRNP predisposes to sporadic CID

and is relevant to incubation period (Deslys et al., 1994; Palmer et al., 1991).

3.1.2. Genetic prion diseases

Genetic prion diseases account for approximately 10 to 15% of human prion disease cases
(Wadsworth et al., 2003). Over 50 autosomal dominant pathogenic mutations in PRNP have
been identified, each one leading to various clinical phenotypes and associated with familial
forms of prion diseases such as familial CJD, Gerstmann-Straussler-Scheinker disease (GSS)

and fatal familial insomnia (FFI) (Jones and Mead, 2020; Wadsworth et al., 2003).
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3.1.3. Acquired prion diseases

Several acquired forms of prion diseases have been identified. Most notably, over 3000 cases
of Kuru acquired through ritual endocannibalism amongst the Fore linguistic group of the
Eastern Highlands of Papua New Guinea were reported in the 1950s (Collinge et al., 2006).
More recently, around 230 cases of variant CJD transmitted through dietary exposure to the
BSE agent in cattle were identified, mainly in Europe (Jones and Mead, 2020). Additionally,
over 450 cases of iatrogenic CJD have been observed in relation with medical or surgical
procedures (Brown et al., 2012). Most cases have arisen as a result of cadaver-derived human
growth hormone (c-hGH) injections and dura matter grafts positive for PrP>, although
transmission through corneal transplantation, contaminated electroencephalographic (EEG)
electrode intracerebral implantation, exposure to contaminated neurosurgical instruments or

blood transfusion have been reported as well (Brown et al., 2012).

As for sporadic CJD, genetic susceptibility to iatrogenic and variant CID has been identified
since most cases occur in individuals homozygous at PRNP polymorphic codon 129 (Collinge,

2005; Collinge et al., 1991; Deslys et al., 1994).

3.2. Clinical phenotypes and diagnosis

A wide range of clinical presentations is associated with human prion diseases as each disease
is characterized by a distinct set of clinical features and rate of evolution. Along with biomarker
evaluation (EEG, MRI, CSF 14-3-3 protein) and PRNP analysis, clinical presentation participates

in the differential diagnosis of prion diseases.

3.2.1. Sporadic CJD

Classical sporadic CJD presents with rapidly progressive dementia associated with multifocal
neurologic disorders including myoclonus, cerebellar ataxia, cortical blindness, pyramidal and
extrapyramidal signs and kinetic mutism (Wadsworth et al., 2003). CSF 14-3-3 is usually
elevated and EEG evaluation can reveal periodic triphasic complexes. Death usually occurs
within 6 months following disease onset although atypical forms can last over two years

(Ironside et al., 2017).
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3.2.2. Genetic prion diseases

While familial CJD clinical presentation resembles that of classical sporadic CID, GSS cases
predominantly present with cerebellar ataxia associated with pyramidal signs and progressive
cognitive decline that does not necessarily results in dementia. FFl is characterized by
insomnia, dysautonomia, dementia, pyramidal signs and myoclonus (lronside et al., 2017;

Wadsworth et al., 2003).

3.2.3. Acquired prion diseases

In Kuru, ataxia is the main clinical feature as opposed to dementia. The early clinical
presentation of variant CJD is characterized by psychiatric and sensory disturbances and
ataxia, followed by pyramidal and extrapyramidal signs and cognitive decline (lronside et al.,

2017; Wadsworth et al., 2003).

Depending on the route of exposure, iatrogenic CID clinical presentation can either be similar
to sporadic CJD in dura mater graft and neurosurgery cases, or resemble that of Kuru when

peripheral routes of contamination are involved (Wadsworth et al., 2003).

3.3. Neuropathology

Post-mortem neuropathological evaluation provides the definite diagnosis of prion disease.
Indeed in prion diseases, affected brains are characterized by a classical diagnostic triad of
spongiform changes that comprise rounded vacuoles in the gray matter associated with
neuronal loss and neuroinflammation involving reactive astrocytes and microglia. Importantly,
cerebral PrP> accumulation is also observed, including in the form of Congo red-positive
amyloid plaques (lronside et al., 2017). However as for their clinical presentation, each prion
disease is also characterized by neuropathological specificities that will not be detailed in this

manuscript.

3.4. Physiopathology

3.4.1. PrP€and its physiological functions

The normal host-encoded cellular prion protein (PrP¢) is a glycosylphosphatidylinositol-
anchored glycoprotein highly expressed in the CNS, although its expression is ubiquitous. In

the CNS, PrP¢ is expressed not only in neurons but also in microglia (Adle-Biassette et al.,
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2006), astrocytes (Hartmann et al., 2013) and oligodendrocytes (Bribian et al., 2012). Several
studies have shown that PrP¢ is implicated in a wide array of different cellular processes
including cell proliferation and adhesion, neuronal excitability and synaptic plasticity, myelin
maintenance, antioxidant enzyme modulation, immune function, glucose homeostasis, iron
uptake and circadian rhythm regulation (Castle and Gill, 2017). In addition to the putative
neurotoxicity associated with PrP*¢ pathological isoforms, the loss of PrP¢ physiological
functions could contribute to the neurodegenerative process observed in prion diseases

(Castle and Gill, 2017).

3.4.2. Pathological prion PrP°¢ properties

The central physiopathological event in prion diseases is the post-translational conversion of
PrPCinto PrP%¢, an abnormally misfolded amyloidogenic isoform. PrP¢ and PrP>¢ share the same
amino acid sequence but differ in their conformational and aggregation states (Collinge,
2005). Indeed, it has been suggested that the prion protein can fluctuate between different
conformation states: a dominant native PrP¢ state and one or several conformations that can
self-associate into a stable PrP> structure composed of misfolded monomers. The misfolding
process is characterized by the conversion of a-helices into aggregation-prone B-sheet
structures (Pan et al., 1993). Furthermore, the resulting stable PrP*¢ can act as a “seed”,
prodiving a template for further pathogenic conversion of normal PrP¢, therefore allowing the
auto-catalytic formation of PrP>¢ and the spreading of the disease from cell to cell (Collinge,

2005).

The initiation of this cascade of events may result from pathogenic PRNP mutations and rare
stochastic conformational changes, or can be precipitated by the exposure to pathological
seeds of misfolded PrP*¢. A landmark in the field was the experimental transmission of Kuru
(Gajdusek et al., 1966) and CID (Gibbs et al., 1968) through the intracerebral inoculation of
pathological brain homogenates into non-human primates in the 1960s. Since then, several
transmission studies have been conducted in wild type and transgenic animal models,

therefore demonstrating the infectivity of prion diseases.

Evidence suggests that prion disease phenotypic diversity relies on the different
physicochemical properties of PrP>¢ isoforms referred to as prion strains (Wadsworth et al.,

2003). Indeed, conformational changes into pathological PrP> isoforms can lead to various
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levels of resistance to conventional degradation techniques including heat and proteolysis, as
well as detergent insolubility. Biologically, strains are associated with distinct incubations
periods, clinical manifestations and neuropathological patterns. In animal models, these
properties can be serially transmitted and maintained following multiple inoculations, in a

host of both the same and different species (Collinge et al., 1996).
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4.1. Structural properties of amyloids

4. Prion-like hypothesis of AD

The prion paradigm has emerged as a unifying pathogenic principle for many age-related
neurodegenerative diseases. Indeed, the hypothesis that neurodegenerative diseases such as
AD and Parkinson’s disease may arise from mechanisms similar to those of prion diseases is
based on multiple similarities between them, including the progressive accumulation of
misfolded proteins into well-ordered aggregates referred to as “amyloids”. In AD, misfolded
AB and tau proteins indeed share common molecular features and key properties with prions,

including the ability to self-propagate and spread to cells and tissues.

4.1. Structural properties of amyloids

“Amyloid” is a generic term that encompasses AB, tau and prions, among other proteins in a
highly thermodynamically stable state. Indeed, as previously described, AB, tau and prion
proteins can all undergo conformational changes leading to their pathological conversion from
a native normal state to a stable misfolded B-sheet-enriched state. Misfolded aggregates can
range from small soluble oligomers to large insoluble fibrils (Soto and Pritzkow, 2018), but
mounting evidence suggests that PrP>¢, AB and tau soluble oligomers are the main neurotoxic

species (Ferreira et al., 2015; Simoneau et al., 2007; Spires-Jones et al., 2009).

Amyloids are highly ordered protein fibrils that form a characteristic cross-B-sheet pattern as
monomers assemble into B-sheets with B-strands perpendicularly oriented to the fibril axis
and stabilized by hydrogen bonds (Sunde et al., 1997). Solid-state NMR studies have shown
that fibrils cross-B structures can display a parallel or antiparallel organization (Benzinger et
al., 1998; Petkova et al., 2004). Amyloids can be revealed using B-sheet specific dyes such as
Congo red and thioflavin under crossed polarized light and are characterized by a cross-B X-

ray diffraction pattern (Riek and Eisenberg, 2016).

4.2. Stability and resistance to inactivation

Similarly to PrP, AB and tau aggregates can resist to multiple methods classically used to
disrupt the 3D architecture of proteins. Indeed, AB and tau seeds can remain bioactive
following proteinase-K treatment (Langer et al., 2011; Li et al., 2021), heating at 95°C (Li et al.,

2021; Meyer-Luehmann et al.,, 2006) and formaldehyde fixation (Fritschi et al., 2014a;
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Kaufman et al.,, 2017). As for prions, AB can bind on stainless-steel wires and seed AP

aggregation when intracerebrally implanted in APP transgenic mice (Eisele et al., 2009).

Interestingly, our group showed that AB seeds can retain their pathogenic properties in the
living brain for up to 18 months even at levels below routine detection (Hérard et al., 2020)
(see Annex). Indeed, hippocampal extracts from APP null (Ye et al., 2015a) and huAPP mice
(Hérard et al., 2020) previously inoculated with AD brains and presenting AB levels falling
below the detection limit, can potently induce AB deposition in APP23 and APP/PS1dE9 mice

respectively.

4.3. Self-propagation through seeding

Amyloids are characterized by their seeding properties which give them the inherent ability
to self-propagate, i.e. to convert native proteins into pathological ones and progressively

spread the aggregation process.

The process of amyloid fibril formation follows a sigmoid kinetics and is divided into two main
steps: the nucleation phase and the growth phase. During nucleation, monomers misfold into
B-sheet-enriched structures that aggregate into a stable oligomeric seed, providing a template
for the pathogenic conversion and incorporation of native proteins. The nucleation phase is a
rare, slow and thermodynamically unfavorable event characterized by a lag phase, and is
therefore the determining step of the amyloid fibril formation process. It is followed by a rapid
elongation phase as seeds progressively grow into fibrils by recruiting native monomers. With
increasing length, fibrils can undergo fragmentation, either spontaneously or through cellular
processes, and generate supplemental seeds. In turn, this accelerates the overall process of
fibril formation and increases the rate of disease progression (Figure 26) (Jucker and Walker,
2013; Soto and Pritzkow, 2018). Misfolded aggregates silently propagate before reaching a
toxic threshold, which ultimately results in progressive cellular dysfunction and clinical disease

(Soto and Pritzkow, 2018).
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Figure 26: Amyloid fibril formation

Amyloid fibril formation follows a sigmoid kinetics and is divided into two main steps: the
nucleation phase and the growth phase. During nucleation, native monomers misfold into B-
sheet-enriched structures that aggregate into a stable oligomeric seed, providing a template
for further pathogenic conversion of native proteins. The nucleation phase is a slow and
thermodynamically unfavorable process characterized by a lag phase. It is followed by a rapid
growth phase as seeds progressively grow into protofibrils in the elongation phase and fibrils
in the saturation phase. With increasing length, fibrils can undergo fragmentation and
generate supplemental seeds therefore accelerating the overall process of fibril formation.
Adapted from (Kulikova et al., 2015).

Interestingly, as the nucleation phase is the rate-limiting event, bypassing this step through
the exogenous administration of preformed seeds was undertaken as it was hypothesized to
accelerate the pathological process of amyloid fibril formation (Figure 27). This was first
demonstrated in the context of prions, following the successful experimental transmission of

Kuru (Gajdusek et al., 1966) and CID (Gibbs et al., 1968).
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Figure 27: Kinetics of the amyloid seeding process with and without exposure to preformed
seeds

As the nucleation phase is the rate-limiting event, the exogenous administration of preformed
seeds can allow bypassing this step and accelerates the pathological process of amyloid fibril
formation.

4.4. Seeding experiments

The concept that AB and tau may act in a prion-like manner gave rise to several studies
investigating the experimental transmission of AD hallmarks in animal models by exposing
them to pathological seeds. It was shown that the transmission of AB and tau pathologies
highly depends on the nature of the seeding agent and the host. Animal models of seeding
present with many advantages as they can greatly accelerate disease onset and help to

identify the mechanisms involved in the development and progression of AD pathology.

4.4.1. Nature of the seeding agents

In a paradigm similar to that used in the study of prion transmission, intracerebral inoculations
of human AD brain extracts have been widely used to induce AB and tau pathologies in
transgenic mice (Figure 28) (Boluda et al., 2015; Clavaguera et al., 2013; Kane et al., 2000).
Since depositions can only be observed following a lag period, it has been suggested that they
do not directly originate from the inoculum itself but rather result from a seeding process

(Jucker and Walker, 2011).
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Figure 28: Development of AP and tau pathologies in transgenic mice following AD brain
inoculation

(A) AB pathology revealed by 4G8 immunostaining after human AD brain inoculation in Tg2576
mice at 5 months post-inoculation. (B) No AB immunoreactivity was observed in age-matched
non-transgenic littermates injected with the same AD extract. Scale bars : 500 um. Adapted
from (Kane et al., 2000). (C) AD brain inoculation induces tau pathology following a 4 month-
incubation period, as opposed to (D) control brain inoculation in tau transgenic mice (AT8
antibody). Scale bars: 500 um and 50 um in inserts. Adapted from (Gary et al., 2019).

The demonstration that AB and tau seeds are responsible for such induced pathology was

performed through various methods:

(1) Brain extracts from aged control individuals lacking misfolded AB and tau proteins do
not induce AB and tau pathologies (Clavaguera et al., 2013; Kane et al., 2000). In
contrast, AB-positive brains from AD and MCI patients, as well as non-demented
individuals with AD neuropathology (NDAN) can accelerate B-amyloidosis in mice
(Figure 29) (Duran-Aniotz et al., 2013). Similarly, tau-positive brains from patients with
different types of tauopathies can accelerate tau deposition in mice (Figure 30)

(Boluda et al., 2015; Narasimhan et al., 2017).
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Figure 29: AB deposition in the brain of AD, MCI, NDAN and aged control individuals and

APP/PS1dE9 mice inoculated with these extracts

(A) AB deposition patterns in the cingulate cortex of AD, MCl and non-demented patients with
AD neuropathology (NDAN) are shown along with an aged control individual (4G8 antibody).
Scale bar: 100 um. (B) AB pathology was accelerated in the hippocampal area of 1 month-old
APP/PS1dE9 mice inoculated with AD, MCI and NDAN brains after an incubation period of 5
months. Untreated mice and mice inoculated with a phosphate-buffered saline (PBS) solution
or aged control individuals did not develop AB plagues (4G8 antibody). Adapted from (Duran-

Aniotz et al., 2013).
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Figure 30: Tau deposition in the brain of AD, CBD and PSP patients and non-transgenic mice
inoculated with these extracts

(A) Tau pathology in the frontal cortex of AD, corticobasal degeneration (CBD) and progressive
supranuclear palsy (PSP) patients (anti-tau monoclonal antibody PHF-1). Scale bar: 50 um. (B)
Seeded tau pathology in non-transgenic mice, 3 months after their inoculations with tau-
containing AD, CDB or PSP brain extracts in the dorsal hippocampus and overlying cortex (anti-
tau monoclonal antibody AT8). Scale bars: 100 um and 10 um in inserts. Adapted from
(Narasimhan et al., 2017).

107



4. Prion-like hypothesis of AD

(2) AB or tau-rich brain extracts from transgenic models potently induce AB and tau
deposition, ruling out the involvement of factors specific to the human brain (Figure

31) (Clavaguera et al., 2009; Meyer-Luehmann et al., 2006);
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Figure 31: Brain extracts from transgenic mouse models induce AB and tau pathologies
following inoculation in mice

(A) Similar seed-induced AB deposition following the inoculation of 10% brain extracts from
AD patients or APP23 mice in the hippocampus of young APP23 hosts after a 4-month
incubation period. Scale bar: 350 um. Adapted from (Meyer-Luehmann et al., 2006). (B) Tau
pathology evaluation in non-injected ALZ17 mice, 3-month-old ALZ17 mice injected with non-
transgenic control mouse brains or tau-positive P301S mouse brains following a 15-month
incubation period (AT8 and AT100 antibodies, Gallyas-Braak silver staining). Scale bar: 50 um.
Adapted from (Clavaguera et al., 2009).
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(3) The severity and extent of the induced pathology depends on the concentration of AB
(Fritschi et al., 2014b; Morales et al., 2015) and tau seeds (Boluda et al., 2015; Iba et
al., 2013) that is injected (Figure 32);
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Figure 32: Dose-dependent acceleration of AR and tau pathologies

(A) Tg2576 mice were injected with the vehicle solution (PBS) or increasing dilutions (107! to

1077) of a brain homogenate extracted from an aged Tg2576 mouse containing large amounts

of AB seeds. At approximately 10 months old, animals developed a dose-dependent level of
AB pathology in accordance with the injected inoculum (4G8 antibody). Scale bar: 200 um.
From (Morales et al., 2015). (B) P301S mice inoculated with increasing concentrations of

synthetic tau preformed fibrils K18/PL, containing the microtubule-binding repeats with the
P301L mutation, displayed a dose-dependant increase in tau deposition after 4 weeks (AT8
antibody). Scale bar: 100 um. Adapted from (lba et al., 2013).
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(4) AD brain extracts treated with protein denaturing agents such as formic acid (Figure
33A-B), or extracts that underwent plasma sterilization do not lead to AR pathology

(Eisele et al., 2009; Meyer-Luehmann et al., 2006);

(5) The removal of aggregates using the Aggregate Specific Reagent 1 compound that
specifically binds to misfolded protein species reduces the in vivo seeding ability of AD

brain extracts (Duran-Aniotz et al., 2014);

(6) Seeding is abolished by the immunodepletion of AB (Figure 33C-D) (Duran-Aniotz et
al., 2014; Meyer-Luehmann et al., 2006) or tau (Clavaguera et al., 2009) from brain

extracts;
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Figure 33: AB seeding-ability of brain extracts is abolished after formic acid treatment and
immunodepletion

(A, C) APP23 brain extracts were inoculated in the hippocampus of 3-month-old APP23 mice
leading to AB deposition. Seeding ability of the extract was completely abolished following
formic acid treatment (B) and AB immunodepletion (D). Adapted from (Meyer-Luehmann et
al., 2006).

(7) The inoculation of purified or synthetic AB and tau proteins in transgenic mice
successfully leads to AB (Stohr et al., 2012) and tau (Falcon et al., 2015; Iba et al., 2013)
pathologies respectively, further supporting that AB and tau seeds are required and
sufficient to induce amyloidosis and tau pathology when inoculated in the appropriate

host (Figure 34).
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Figure 34: Synthetic AB and tau can potently induce pathologies

AP deposition in the corpus callosum (A) and thalamus (B) of Tg(APP23:Gfap-luc) mice 330
days following synthetic AP aggregates inoculation. Scale bar: 100 um. (Stohr et al., 2012). Tau
pathology in the CA1 (C) and caudal entorhinal cortex (D) of P301S mice 6 months after tau
T40/PS fibrils inoculation (MC1 antibody). Scale bar: 100 um. Adapted from (lba et al., 2013).

However, synthetic proteins are less bioactive than aggregates present in AD brains (Guo et
al., 2016; Stohr et al., 2012). Interestingly, CSF from AD or MCI patients was shown to promote
tau pathology in P301S mice following intrahippocampal inoculations (Skachokova et al.,
2019). Conversely, attempts to seed AP pathology through the inoculation of CSF from AD
patients have failed although AB levels in CSF samples were 10-fold higher than in brain
extracts (Fritschi et al., 2014b). Taken together, these data suggest that cofactors present in
the brain, post-translational modifications occurring in vivo and/or specific protein
conformations may facilitate the seeding of AB pathology. Indeed, it was suggested that
seeding abilities of synthetic peptides highly depend on the polymerization method (Stohr et
al., 2014). In addition, studies have shown that brain-derived AR seeds were more proteinase
K-resistant than AR synthetic fibrils, highlighting specific properties that characterize each

type of seeds according to its origin (Langer et al., 2011).

AP seeds extracted from AD brains or aged APP transgenic models consist of multiple AB
assemblies, ranging from monomers and oligomers to multimers, associated with distinct
biochemical properties (Langer et al., 2011). Interestingly, it was shown that following

ultracentrifugation of the brain extracts, the amyloidogenic potency of soluble AB contained
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in the supernatant represented up to 30% that of the total extract. Moreover, the
fragmentation of insoluble fibrils into soluble seeds through extended sonication also
increased the seeding ability and sensitivity to proteinase K of the brain extract (Langer et al.,
2011). This suggests that although, to a certain extent, each type of assembly appears to be
capable of seeding AP deposits, soluble aggregates may be more potent inducers. As for tau,
mixed results have emerged from different studies, since both insoluble tau assemblies
(Clavaguera et al., 2009) and soluble tau species (Lasagna-Reeves et al., 2012a) have been
shown to be more effective in seeding silver-stained tau deposits when compared to each
other. Similarly to AB fibrils, it is however unclear whether tau fibrils acts as seeds themselves

or rather represent a source of smaller soluble seeding-competent fragments.

Finally, Gibbons and colleagues have suggested that seeding potency may depend on the
compatibility between the seed and the host. Indeed, whereas AD brain-derived fibrils can
more potently seed tau pathology in wild-type mice than synthetic fibrils bearing the P301L

mutation, the opposite was observed in P301L transgenic mice (Gibbons et al., 2017).

4.4.2. Impact of the host

4.4.2.1. Seeding in different types of animal models

Most experimental transmission studies were carried out on transgenic rodent models in
which the overexpression of human genes readily leads to AR and tau pathologies
(Clavaguera et al., 2009; Gary et al., 2019; Kane et al., 2000; Meyer-Luehmann et al., 2006).
These studies underline the fact that seeding experiments can accelerate the onset of a

disease that would have eventually occurred with age.

In NHP spontaneous models, following an incubation period of 3.5 to 7 years, marmosets
inoculated with AD brain extracts were shown to develop senile plaques and CAA, but not tau
deposits (Baker et al.,, 1994, 1993a, 1993b; Ridley et al., 2006). Interestingly, plaque
distribution resembled the pattern of amyloid plaque deposition in aged non-injected controls
(Maclean et al., 2000). Recently, our group showed in two independent cohorts of mouse
lemur primates that, both AR parenchymal and vascular deposits and tau lesions were
seedable following AD brain extract intracerebral inoculation (Figure 35) (Gary et al., 2019;

unpublished data) (see Results chapter — § 2. Encephalopathy induced by AD brain
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inoculation in a non-human primate and § 3. Transmission of AB and tau pathologies is

associated with cognitive impairments in a primate).

Marmoset

Mouse lemur

Figure 35: AB and tau pathologies in NHPs following AD brain inoculation

AB pathologies were induced after AD brain inoculation in the forms of parenchymal plaques
(A, D) and CAA (B-C and E-F) in marmosets (A-C; 6F/3D antibody) and mouse lemurs (D-F; 4G8
antibody). Tau pathology, including intracellular deposits (arrowheads) and neuropil threads
(arrows), was however only detected in mouse lemur primates (AT8 antibody) (G-H). Scale
bars: 50 um in A-B, E-H, 100 um in C, 200 um in D. Adapted from (Ridley et al., 2006) and (Gary
et al., 2019).

Additionally, it has also been shown that, following brain extract inoculation, AB and tau
pathologies can be de novo induced in transgenic models that do not spontaneously develop
lesions within their lifespan (Clavaguera et al., 2013; Guo et al., 2016; Morales et al., 2012;
Rosen et al., 2012) (Figure 36).
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Figure 36: De novo induction of AB and tau pathologies

Induction of AB deposits in huAPP mice following AD brain (A) but not Ctrl-brain inoculation
(B) (4G8 antibody) (Morales et al., 2012). Tau pathology revealed by Gallyas-Braak silver
impregnation following human AD brain inoculation in non-aggregation prone ALZ17 mice at
12 months post-inoculation (C). No pathology was found in ALZ17 mice after tau-negative
control brain extract inoculation (D). Scale bars : 100 um. Adapted from (Clavaguera et al.,
2013).

Interestingly, de novo induction of tau pathology can also occur in non-transgenic mice,
albeit less severely than in transgenic mice, following the inoculation of AD brain extracts or
tau purified from these extracts (Clavaguera et al., 2013; Guo et al., 2016; Saito et al., 2019).
The seeding and spreading of tau lesions in non-transgenic mice appear to depend on the
source of the seeds, as tau derived from P301S mice brains only seed tau pathology at the
injection site (Clavaguera et al., 2009) as opposed to human AD brains which lead to
widespread tau deposition (Guo et al., 2016). Overall, these studies suggest that pathological
human tau can seed the misfolding of wild-type murine tau, and does so more efficiently than
pathological murine tau in non-transgenic mice. Conversely, following the intracerebral
inoculation of AD brain extracts, AR deposits are not induced in non-transgenic mice as wild-
type murine AP is not prone to aggregation (Figure 28B) (Kane et al., 2000). This highlights the
need for compatible endogenous proteins in the host in order to seed a pathology, which is
further supported by studies showing that mice immunized for AB (Meyer-Luehmann et al.
2006) and tau (Yanamandra et al. 2013; Dai et al. 2017) do not develop AP and tau aggregates.
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Although the expression of human APP remains necessary, its overexpression may however
not be required to seed AP pathology in mice. Indeed, a recent study showed that mice
expressing physiological levels of humanized APP can develop AB deposition following brain-
derived AP aggregates inoculation (Ruiz-Riquelme et al., 2018). Accordingly, the inoculation of
AD brains in APP null mice did not induce AB deposits (Ye et al., 2015a). However, AB
deposition was remarkably reported when brain extracts from these inoculated mice,
apparently free of AR pathology, were reintroduced into transgenic mice bearing mutant
human APP, i.e. APP23 (Ye et al., 2015a). These results were recently replicated by our group
using huAPP mice that did not develop AP deposits following AD brain injections but which
brains potently accelerated AB pathology when inoculated in APP/PS1dE9 mice (Hérard et al.,
2020). These data support that the transmission of AP pathology is not only governed by the

inoculated sample but also by the host.

4.4.2.2. Incubation period

The induction of AB and tau pathologies only occurs following a lag period which duration
depends on both the nature of the seed and the host (Jucker and Walker, 2011). Indeed, it
was shown that when inoculated with brain extracts originating from transgenic models,
APP/PS1 mice can develop AB deposits within a month as opposed to APP23 hosts for which

AB pathology was observed after 4 months (Meyer-Luehmann et al., 2006).

4.4.2.3. Influence of age

Advanced age is known as the greatest risk factor for AD but how it may impact the

development of AB and tau deposition remains unclear.

Seeding experiments have provided evidence that AB deposition may not be influenced by the
age of the host at the time of seeding. Indeed, prior to plaque deposition in their brain at
either 3 or 9 months old, transgenic mice were inoculated with aged APP23 brain extracts.
Following the same incubation period of 6 months, all mice displayed similar levels of AB
pathology, despite being young or old at the age of inoculation (Hamaguchi et al., 2012).
Conversely, susceptibility to tau seeding appears to increase with age as tau-seeded
pathological spreading is more important in wild-type mice aged 15-19 months than in mice
aged 2-3 months, although no difference in tau-associated neurodegeneration and
neuroinflammation was reported (Guo et al., 2016).
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4. Prion-like hypothesis of AD

4.4.3. Impact of local environment

In addition to the host effect (Heilbronner et al., 2013; Meyer-Luehmann et al., 2006), the
morphology and biochemical properties of the seed-induced deposits also appear to depend
on the local environment, e.g. brain regions in which the inoculation was performed. Indeed,
Eisele and colleagues showed that the inoculation of aged APP23 mice brain extracts into
different brain regions of young APP23 mice led to differences in the amount and type of A
deposition. While injections in the hippocampus and entorhinal cortex induced strong, dense
and significantly congophilic plaques, inoculation in the striatum led to lower amyloid loads

and mainly induced diffuse deposits (Figure 37) (Eisele et al., 2009).
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Figure 37: Differences in AB deposition following brain extracts inoculation in different brain
regions of APP23 mice

Differences in AB deposition in brain regions (hippocampus, striatum, entorhinal cortex and
olfactory bulb) inoculated with aged APP23 mouse brain extracts, in young APP23 mice after
a 3 to 6 months incubation period. Scale bars: 200 um. Adapted from (Eisele et al., 2009).

As for AB, tau seeding also varies depending on the susceptibility of the injected region to
develop tau lesions. Indeed, the inoculation of tau fibrils in the striatum and overlying
neocortex led to significant tangle-like accumulations in the neocortex as opposed to the
striatum in which tau pathology was barely detected (Iba et al., 2013). In addition, it has been
suggested that the initiating region may determine the development of unique tau strains, as
distinct biochemical environments may predispose the formation of different pathological

conformers (Narasimhan et al., 2017).

116



4.4. Seeding experiments

Altogether, this suggests that seeded-pathologies highly depend on the underlying properties

and susceptibility of inoculated brain regions to develop AB and tau pathologies.

4.4.4. AB and tau cross-seeding

Following the amyloid cascade hypothesis, AB has been suggested to trigger tau pathology
that subsequently leads to neurodegeneration and functional alterations in AD. It has been
suggested that AB may increase tau pathology either through direct cross-seeding
mechanisms or by altering the local environment which increases tau susceptibility to

aggregation.

In APP transgenic mice, AD brain intracerebral inoculation was shown to induce axonal tau
hyperphosphorylation close to the injection site (L. C. Walker et al., 2002). Our group showed
that in APP/PS1dE9 mice, tau deposition induced by AD brain inoculation could also spread to
interconnected brain regions (unpublished data, see Results chapter — § 1. Relationships
between cognitive, synaptic and neuropathological changes in AD brain-inoculated mice). In
addition, in transgenic mice expressing mutant human tau, AR synthetic fibrils (Gotz et al.,
2001) or brain extracts from aged APP23 mice, exhibiting severe AP deposits but no tau
pathology (Bolmont et al., 2007), can lead to tau neurofibrillary pathology. Conversely, aged
APP23 brain extracts do not seed tau pathology in mice expressing non-mutated human tau

(Clavaguera et al., 2013).

It has been suggested that interactions between phospho-tau and PrP® may be a prerequisite
for AB to promote tau pathology, suggesting that PrPC is a critical mediator in the interplay
between AR and tau propagation (Gomes et al., 2019). Although mechanisms involved in vivo
remain unclear, direct cross-seeding between AB and tau has been demonstrated in vitro, as

AP seeds can directly promote tau fibrillization in a cell-free assay (Vasconcelos et al., 2016).

Aside from a direct cross-seeding effect, AB plagues may also create a unique environment
facilitating tau deposition. In double APP23 x B6/P301L tau transgenic mice, tau pathology
was more severe than in single B6/P301L tau mice, and was predominately observed in areas
with high AB plaque load (Bolmont et al., 2007). In addition, the presence of AB deposition
was shown to accelerate and promote tau propagation as well as increase tau-induced
neuronal loss in rTgTauEC x APP/PS1 compared to rTgTauEC mice (Pooler et al., 2015).

Interestingly, in AB plaque-bearing mice expressing mutant human AB and wild-type murine
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tau, the inoculation of tau purified from AD brains first leads to tau deposition in dystrophic
axons surrounding AB plaques, therefore forming neuritic plague-like lesions before
neurofibrillary tangles and neuropil threads (He et al.,, 2018). However, in the absence of
plaques, the inoculation mainly leads to NFTs thus suggesting that AB deposition can modulate
tau pathology (He et al., 2018). In addition, increased cell vulnerability, neuroinflammation,
oxidative stress and kinase activation locally induced by misfolded AB may also impact tau

accumulation (Morales et al., 2013).

Evidence of tau enhancing AB pathology has also been reported. Tau deletion in APP/PS1
transgenic mice was shown to decrease AP plaque burden, possibly by reducing B-secretase-
mediated APP cleavage, prevent neuronal and synaptic loss and rescue spatial memory and

motor deficits (Leroy et al., 2012).

Overall, and as mentioned in § 1.7.4.4. AB and tau synergy at the synapse, AB and tau may
form a positive feedback loop, in which AP initiates tau pathology, which in turn further

aggravates AP toxicity (Bloom, 2014).

4.4.5. Functional impacts of A and tau seeding

Little research has addressed the functional impacts of seeding experiments. In some studies
conducted in rodents, the pathological aggregations of AB (Lesné et al., 2006; Shankar et al.,
2008; Ziegler-Waldkirch et al., 2018) and tau (He et al., 2018; Lasagna-Reeves et al., 2011;
Stancu et al., 2015) have been associated with cognitive alterations. In 3xTg mice, passive
immunization targeting tau was shown to rescue cognitive deficits (Dai et al., 2017). In
addition, various studies have highlighted the impact of AB (Shankar et al., 2008; Walsh et al.,
2002) and tau species on hippocampal LTP (Fa et al., 2016; Stancu et al., 2015). Interestingly,
LTP and memory impairment following exposure to tau oligomers, either recombinant,
extracted from AD brains or expressed in transgenic mice overexpressing human tau, could be

observed independently from AB oligomer levels in mice (F3 et al., 2016).

In mouse lemurs, our group recently showed for the first time in a primate that AD brain
inoculation leads to cognitive alterations, neuronal activity impairments and cerebral atrophy
associated with neuronal loss, despite sparse AR and tau deposition, therefore suggesting a
role for soluble species in the induced functional and morphological alterations (Gary et al.,

2019).
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Altogether, these studies provide strong evidence that exogenously administered AP and tau
seeds can act as templates for the misfolding of endogenous proteins, and ultimately lead to
functional alterations in the recipient host. Importantly, they also highlight that this process
strongly depends on the nature of the seeding agent, the host and the local environment of

the seed.

4.5. Spreading

Following their pathological conversion, misfolded seeds were shown to propagate their
conformation from cell to cell, between regions of the brain and more widely from the

periphery to the brain.

In AD, both AB and tau pathologies spread in a highly stereotyped pattern throughout the
brain (see § 1.4.2. Neuropathological diagnosis). Several studies have therefore argued that
axonal transport may be a major mechanism involved in their pathogenic spread. However,
the exact contributions of neuronal proximity and neuronal connectivity in the spreading

process remain to be elucidated (Jucker and Walker, 2013).

4.5.1. AB

Despite mounting evidence showing the spreading ability of AB seeds, the exact mechanisms
that are involved remain unclear. It has been suggested that they most likely implicate both
active transportation between synaptically connected regions and passive extracellular

diffusion along neuroanatomical pathways.

The occurrence of intraneuronal AB in humans and animals as well as studies demonstrating
that neurons can internalize and transport AR aggregates, suggest that neuronal pathways
may be implicated in AB spreading (Nath et al., 2012). Additionally, the experimental
inoculation of AB-rich brain extracts into one region leads to AP deposition close to the
injection site and progressively in axonally coupled areas, suggesting that AB aggregates can
propagate in an anterograde manner between connected brain regions (Figure 38) (Walker et

al., 2016; Ye et al., 2015b).
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Figure 38: Spatiotemporal spreading of AB pathology along neuroanatomical pathways

(A) Schematic diagram showing the onset and spreading of AB pathology over time, e.g. 1 day,
4 and 6 months after AB-rich brain extracts inoculation in the dorsal hippocampus of APP23
mice. Both parenchymal plaques and cerebral amyloid angiopathy (CAA) were reported. (B)
AB pathology at 6 months post-inoculation (anti-AB polyclonal antibody CN3). (C) Scheme of
AR hypothesized spreading pathways after hippocampal seeding. Solid red arrows: Papez
circuit, dotted blue arrows: direct outputs pathways from the hippocampus. A, auditory
cortex; Acb, nucleus accumbens; C, cerebral cortex; Cg, cingulate cortex; Ent, entorhinal
cortex; Fc, frontal cortex; Fi, fimbria; FrA: frontal area; Hp, hippocampal formation; IG,
indusium griseum; M, motor cortex; MB, mammillary bodies; mt, mammillothalamic tract; OB,
olfactory bulb; PoDG, polymorphic cell layer of the dentate gyrus; RS, retrosplenial cortex; S,
somatosensory cortex; SV, septum verum; Th, thalamus; V, visual cortex. Adapted from (Ye et
al., 2015b).
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Importantly, since the majority of seeding experiments are based on hippocampal injections
and as most connections between the hippocampus and spreading areas are bidirectional, it
is difficult to ascertain if the in vivo spreading occurs both in anterograde and retrograde
pathways. Interestingly, in vitro, the retrograde transport of AB monomers and oligomers has

been described using microfluidic chambers (Song et al., 2014).

Mechanisms associated with active transportation and propagation of AR seeds may also
involve extracellular vesicles including exosomes (Eisele and Duyckaerts, 2016; Rajendran et
al., 2006), tunneling nanotubes as suggested by in vitro experiments (Ollinger et al., 2019), or
be mediated by immune cells. Indeed, macrophages can phagocyte AB and participate in its

propagation, including from the periphery to the brain (Cintron et al., 2015; Eisele et al., 2014).

Selective regional vulnerability to AB deposition could also contribute to the characteristic
spreading pattern of AB pathology, since AB production and clearance may differ between
brain regions. Additionally, it has been suggested that AB tends to accumulate along functional
networks, and is particularly abundant in the default-mode network (DMN) (Buckner et al.,
2009). The DMN is defined by structural and functional interconnections between several
epicenters converging on the posterior cingulate cortex extending into the precuneus, which
is strongly associated with the hippocampal formation, and also involves the medial prefrontal
cortex, inferior parietal lobule and lateral temporal cortex (Buckner et al., 2008; Greicius et
al., 2004). The posterior cingulate cortex is of particular interest as it is considered a prominent
hub associated with high connectivity in the brain (Buckner et al., 2009). It is also vulnerable
to early amyloid deposition and plays a critical role in memory function (Sperling et al., 2009).
Interestingly, important functional connections within the DMN are disrupted in AD, and it has
been suggested that AB accumulation may, at least in part, be responsible for such
impairments, given that AB was shown to enhance and alter neuronal activity (Busche and
Hyman, 2020; Cirrito et al., 2005; Palmqvist et al., 2017; Sheline et al., 2010; Yamamoto et al.,
2015). Alternatively, activity within the DMN could increase an activity- or metabolism-
dependent cascade of events leading to AR accumulation (Buckner et al., 2008). This is
consistent with the hypothesis that if AB seeds do not travel trans-synaptically, they may
influence their local environment, affecting surrounding neurons and resulting in the

increased release of AP into synaptically-connected regions (Eisele and Duyckaerts, 2016).
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Computational models of AB spreading have also been developed. One study suggested that
AB regional accumulation is better predicted when the model is based on structural
connectivity measured by diffusion-weighted MRI and that the anterior and posterior
cingulate cortices most likely represent the epicenters from which AB pathology spreads
(lturria-Medina et al., 2014). A physics-based model however showed that the spreadings of
AB and tau are better modelled when both anisotropic (i.e. neuronal connectivity-based
axonal transport) and isotropic diffusion (i.e. spatial proximity-based extracellular diffusion)
are taken into account, with an extracellular-to-intracellular diffusion ratio of 1:2
(Weickenmeier et al., 2019). Altogether, these data suggest that AR spreading is mainly

influenced by neuronal connectivity although passive diffusion is also involved.

Finally, as for prions, the systemic administration of AB seeds, both by the peritoneal (Eisele
et al., 2010) and venous route (Burwinkel et al., 2018), can also result in the intracerebral
deposition of AB, even in the absence of peripheral APP (Eisele et al., 2014). Interestingly,
these routes of administration induce a significant amount of AP deposition within the
vasculature, suggesting a role for the vascular system (Meyer-Luehmann et al., 2006) or

perivascular drainage channels (Thal et al., 2007) as potential propagation routes for AB seeds.

4.5.2. Tau

4.5.2.1. Experimental evidence for tau spreading

As opposed to AB, tau seeding experiments clearly argue for the neuronal connectivity-based
model of propagation. Intracerebral inoculation of tau-enriched extracts or synthetic fibrils
experiments have indeed shown that tau systematically spreads from the injection site to
axonally connected brain regions (Figure 39) (Clavaguera et al., 2009; Iba et al., 2013), both

through anterograde and retrograde pathways (Sanders et al., 2014; Wu et al., 2013).
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Figure 39: Spatiotemporal spreading of tau pathology to interconnected regions
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Tau pathology spreading after tau fibril inoculation in the hippocampus of young P301S mice,
based on anti-tau MC1 antibody staining. Lesions propagated in a time-dependent manner
throughout the hippocampus, followed by interconnected regions, e.g. the entorhinal cortex,
amygdala, piriform cortices and locus coeruleus. Blue stars indicate the inoculation site. From
(Iba et al., 2013).

The spatial distribution of tau pathology was shown to depend on the inoculation site and its
neuronal connectome. Thus, inoculation of tau fibrils into the hippocampus eventually leads
to tau propagation to the entorhinal cortex, and injections in the striatum and overlaying

cortex leads to substantial tau deposition in striatum-connected regions such as the substantia
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nigra and thalamus (lba et al.,, 2013). In addition, many groups have studied the
entorhinal/hippocampal pathway using transgenic mice in which human tau P301L transgene
expression is restricted to the entorhinal cortex. In this model, tau inclusions first appear in
the entorhinal cortex before spreading to interconnected regions such as the hippocampus
(de Calignon et al., 2012; Liu et al., 2012). At more advanced stages of the disease, entorhinal
tau lesions are moreover accompanied by neuronal loss, gliosis and recognition memory
alterations (Fu et al., 2016). As opposed to AP, tau spreading experiments can also be
conducted on non-transgenic mice, therefore overcoming limitations regarding the non-
physiological overexpression of mutated proteins and/or regional differences in transgene
expression. These studies performed on wild-type mice further support that tau pathology
can spread between synaptically connected brain areas (Guo et al., 2016; Narasimhan et al.,

2017).

Interestingly in a case report, the disconnection of a small part of the frontal cortex in a patient
that later developed AD resulted in the absence of neuritic plaques, neuropil threads and NFTs
in that particular region, as opposed to massive AB plaques and despite numerous tau lesions
in limbic and isocortical regions. This study therefore suggests that as opposed to AB, tau

spreading mainly relies on axonal connections (Duyckaerts et al., 1997b).

Altogether, these data are consistent with results obtained with a computational model in
which the entorhinal cortex was defined as the epicenter from which tau pathology spreads.
Models based on functional or structural connectivity showed better predictive performances
of tau spatial deposition than the Euclidian distance model based on the extracellular spread

of tau pathology (Vogel et al., 2020).

Finally, as for prions and AR, it has been shown that intraperitoneal administration of tau
aggregates can result in tau intracerebral deposition in transgenic mice, therefore arguing that

tau pathology can also spread from the periphery to the brain (Clavaguera et al., 2014).

4.5.2.2. Mechanisms underlying tau spreading

Several studies have suggested that tau can spread from neuron to neuron transneuronally
and trans-synaptically (Frost et al., 2009). Although the underlying mechanisms are still poorly

understood, different cellular pathways have been suggested.
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4.52217. Tau release

Studies have shown that most extracellular tau is released in a free form, either through direct
translocation across the plasma membrane or active exocytosis (Merezhko et al., 2018;
Mudher et al., 2017). In addition, tau can also be secreted in the extracellular space inside
membrane-bound extracellular vesicles such as exosomes and ectosomes (Dujardin et al.,
2014; Pérez et al., 2019; Wang et al., 2017). Indeed, vesicles containing tau have been isolated
from both transgenic models and humans, including in biofluids (Dujardin et al., 2014; Saman
et al., 2012; Wang et al., 2017). In organotypic hippocampal slices, tau-containing exosomes
can moreover successfully seed tau aggregation in neurons and microglia therefore suggesting
that they may be competent for spreading tau pathology (Wang et al., 2017). Additionally,

microglia was shown to spread tau aggregates through exosome secretion (Asai et al., 2015).

In vitro studies have suggested that tunneling nanotubes that directly connect the cytoplasm
of two cells may also be a mean of tau propagation. However, the occurrence of such
structures in the brain and whether transferred seeds can promote tau aggregation in the

recipient cell remain to be elucidated (Mudher et al., 2017).

Given the stereotypical pattern of tau deposition in the brain, tau spreading through neural
networks may also involve synaptic release mechanisms. Phosphorylated and seed competent
tau was indeed shown to be enriched in synapses isolated from AD brains (DeVos et al., 2018).
Moreover, neuronal activity can upregulate tau secretion and exacerbate tau pathology in vivo
(Pooler et al., 2013; Wu et al., 2016; Yamada et al., 2014). This suggests that synaptic activity
itself may participate in tau pathological spreading. Taken together, these data support the
hypothesis that neuronal connectivity rather than proximity drives tau spreading throughout

the brain.

4.5.2.2.2. Tau uptake

Free tau can bind several receptors on the cell surface including heparin-sulfate proteoglycans
(Holmes et al., 2013) and APP (Takahashi et al., 2015), enabling its internalization through
receptor-mediated endocytosis. Tau uptake was also suggested to occur through
micropinocytosis (Holmes et al.,, 2013). A recent study showed that tau monomers and
aggregates can access neurons via the lysosome/endosome system. Both forms could be

internalized via a rapid dynamin-dependent process typical of endocytosis, but only
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monomers were also taken up by neurons through a slower actin-dependent pathway typical
of micropinocytosis (Evans et al., 2018). In addition, passive diffusion may participate in tau
internalization into the cytosol as it has been shown to contribute to its secretion (Merezhko

et al., 2018).

The hypothesized mechanisms of tau transcellular propagation are recapitulated in Figure 40.
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Figure 40: Potential mechanisms underlying tau transcellular spreading

Tau may be transferred from a donor cell (green) to a recipient cell (orange) through different
mechanisms. Tau may be released in a free form possibly through passive diffusion across the
plasma membrane (?2) or active exocytosis (?3) (violet arrows). It may also be released in the
extracellular space within extracellular vesicles, e.g. exosomes and ectosomes (blue arrows),
but how tau proteins are later released in the cytoplasm of the recipient cell remains unclear
(?1). Additionally, tau may enter the recipient cell through passive diffusion (?*), non-receptor
mediated endocytosis/micropinocytosis (?>) or by binding to cell surface receptors. In vitro
experiments have suggested that tau may also travel in tunneling nanotubes directly
connecting the cytoplasm of two cells (?7, red arrows). From (Mudher et al., 2017).

4.6. Strains

In prion diseases, a critical factor responsible for phenotypic diversity relies on the occurrence
of various PrP¢ molecular conformations, referred to as strains. Mounting evidence suggest
that, like prions, AB and tau can fold into distinct conformational variants. Each strain yields
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specific structural and functional properties leading to distinct biochemical and biological
characteristics such as different seeding and spreading abilities, distribution patterns, disease
incubation times and clinical signs. Moreover, strain-specific properties are retained upon
serial transmissions (Scialo et al., 2019). The occurrence of distinct AB and tau strains may

therefore provide a molecular explanation for AD heterogeneity and for distinct tauopathies.

4.6.1. AB

AP structural heterogeneity has been associated with distinct biophysical properties and
pathological phenotypes, including lesions with different morphologies and distribution
patterns (Thal et al., 2006b), as well as different clinical outcomes, therefore suggesting that

different AP strains may account for AD heterogeneity.

Several studies have highlighted conformational diversity in AB species. Indeed, differences in
the molecular architecture of AB plaques has been reported in AD patients with various
etiological backgrounds, e.g. familial or sporadic forms, using luminescent conjugated
oligothiophenes binding to amyloids (Rasmussen et al., 2017). Moreover, structural variations
in ABao and ABa4; fibrils were demonstrated using solid-state NMR among patients with typical
AD, rapidly progressive AD and the posterior cortical atrophy variant (Petkova et al., 2005;
Qiang et al., 2017). AB originating from patients with different forms of AD could also be
associated with distinct stabilities under denaturing conditions, reliably suggesting
conformational differences (Cohen et al.,, 2015; Watts et al., 2014). Finally, APa
conformational heterogeneity and the rate of cognitive decline were correlated in a study
comparing slowly and rapidly progressing sporadic AD cases, further supporting the role of

different conformers in AD pathogenesis (Cohen et al., 2015).

Interestingly, the conformational features of AB deposits found in human AD brains can be
partially replicated in animal models (Condello et al., 2018; Rasmussen et al., 2017). The
experimental inoculation of different AB strains into transgenic mice has indeed resulted in
various patterns of protein aggregation and rates of disease progression (Heilbronner et al.,
2013; Watts et al., 2014). Bigenic APP23 mice, which express the luciferase reporter under the
control of the GFAP promoter (Tg(APP23:Gfap-luc)), inoculated with brain extracts from
familial AD patients bearing the Arctic mutation, developed AP lesions more rapidly compared

with sporadic AD or familial Swedish AD-inoculated mice. Moreover, vascular deposits had a
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distinctive “furry” morphology and an ABss-enriched composition, similar to Arctic AD patients
(Watts et al., 2014) (Figure 41). Finally, upon serial transmission, these features were
maintained from the donor to the inoculated host, providing further evidence for distinct AB

strains (Watts et al., 2014).

A B
» 350
>
©
Swedish AD eAD E
Wild-type A Arctic AB (E22G) g 3001 . e
SporadicAD * % T B
: 250 ~
Wild-type AB X ,’\Q’, . c © [ |
(:\ Y “_\‘ ~ g ° Y ...:"
Ty N 8 2001 . %
Tg(APP23:Gfap-luc) ] —as
Wild-type AB £ 150 T T T T
. Spor Spor Swe Arc
Inoculum: "ADi  ADii AD  AD
Arctic AD Sporadic AD i Arctic AD
i 7 5 3
e e D o " U
S AdIn
g f : -
i W o t v : ((; =
) b3 % ; 53
S1E # F ‘ @
i 4 : <
3
.. L
Do y LY & % 4
»
AWy > ®
-~ o
Swedish AD None Swedish AD

Figure 41: Distinct rates of disease progression and vascular deposits associated with various
AP strains

(A) Bigenic APP23 mice expressing wild-type AB and luciferase reporter under the control of
the murine GFAP promoter (Tg(APP23:Gfap-luc)) were inoculated with brain extracts from
sporadic AD or fAD patients bearing the Swedish or Arctic mutations. The Swedish mutation
does not alter the sequence of wild-type AP as opposed to the Arctic mutation which produces
mutant AB (E22G). (B) Incubation periods, determined by bioluminescent imaging of
astrocytosis stimulated by AB deposition, are lower in Arctic AD-inoculated mice in
comparison with all of the other groups. (C-F) AB vascular deposits (4G8 antibody) show
distinct phenotypes in the thalamus at 330 days post-inoculation. Mice inoculated with the
sporadic or Swedish AD extract displayed a thin and compact layer of AB deposition in the
vasculature (black arrows), whereas Arctic-inoculated mice showed furry AB deposits (red
arrows). In F, an age-matched non-injected mouse is shown as a control. (G-H) AP vascular
deposits stained for ABss (7-14-4 antibody; green) and ABao (11A50- B10 antibody; red) show
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distinct compositions, with Arctic AD brain inoculation resulting in ABss-enriched deposition
in blood vessels. Scale bars: 100 um in C-F and 15 um in G-H. Adapted from (Watts et al.,
2014).

Interestingly, different synthetic strains of AB inoculated into transgenic mice were also shown
to induce different loads of AB plaques that moreover differed in their ABao/ABa2 composition
and morphology (Stoéhr et al.,, 2014). In animal models, APP23 and APP/PS1 mice
spontaneously develop AB pathologies that differ in plaque morphology and AB4o/ABa4; ratio.
However, when brain extracts from one model is inoculated into the other, induced AR
pathological phenotype was influenced both by the host and the source of inoculated seed,
suggesting the occurrence of polymorphic AB strains (Meyer-Luehmann et al., 2006). Indeed,
plaques induced in the receiving host tended to reflect the pathology seen in the model from
which the inoculum was extracted. Overall, the APP23 extract led to more diffuse and
filamentous plaques compared to smaller and more compact plaques following APP/PS1
extract inoculation. Altogether, this suggests that the molecular composition and
conformation of AP in APP transgenic mice can be maintained by seeded conversion

(Heilbronner et al., 2013).

4.6.2. Tau

The heterogeneity of tau conformers across different tauopathies has been suggested by
many groups (Clavaguera et al., 2013; Sanders et al., 2014). In AD, tau structural heterogeneity
has been linked to distinct pathological phenotypes, as tau seeding activity and some post-
translational modifications were associated with clinical disease severity, therefore suggesting

that different tau strains may contribute to AD heterogeneity (Dujardin et al., 2020).

The heterogeneity of tau seeding abilities was moreover demonstrated in vitro using real-time
guaking induced conversion assays (Kraus et al., 2019). Interestingly, tau strains displaying
distinct seeding profiles have been associated with different levels of cytotoxicity (Kaufman et
al.,, 2016). When injected in non-transgenic mice, tau strains displayed different seeding
potencies and cell-type specificities, as only seeds associated with specific tauopathies - e.g.
progressive supranuclear palsy (PSP) and corticobasal degeneration (CBD) but not AD - could

induce tau aggregation in astrocytes and oligodendrocytes (Narasimhan et al., 2017).
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Interestingly, when brain homogenates from patients with different tauopathies are injected
in wild-type mice, ALZ17 mice transgenic for wild-type human tau or P301S mice, specific tau
lesions reminiscent of the corresponding human disorder are induced (Boluda et al., 2015;
Clavaguera et al., 2013). Various patterns of protein aggregation, selective seeding of different
brain areas reflecting regional vulnerability to tau pathology as well as different rates of tau
spreading along neuronal networks were moreover detected in P301S mice inoculated with

different tau strains (Figure 42) (Kaufman et al., 2016).
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Figure 42: Distinct regional vulnerabilities and spreading rates associated with various tau
strains

(A) P301S mice were injected unilaterally in the sensory cortex (SC), caudate/putamen (CP),
visual cortex (VC), hippocampus (Hip), thalamus (Thal) and inferior colliculus (IC) with different
strains of tau or a negative control. (B) Inoculated regions showed various levels of tau (AT8
antibody) accumulation depending on the inoculum (negative control or distinct tau strains)
at 5 weeks post-inoculation. (C) Ipsi- and contralateral CA1 4, 8 and 12 weeks (wks) following
inoculation. Strain 2 inoculation led to a faster spread of tau pathology than Strain 1. Scale
bars: 100 um in B and 50 um in C. Adapted from (Kaufman et al., 2016).
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It has been suggested that the pathobiology underlying selective regional vulnerability may
involve complex interactions between genetic and epigenetic factors, as they could modulate
neuronal and glial functions, modify misfolded protein clearance and degradation processes,
affect cellular uptake and release mechanisms and alter signaling pathways (Jaunmuktane and

Brandner, 2020).

Serial inoculation of distinct tau seeds primarily isolated from human brains affected with
different tauopathies shows that strains can stably propagate through multiple generations in
P301S mice and systematically lead to different pathological phenotypes, e.g. deposits that
differ in their morphology, cell-type specificity, regional localization and spreading (Sanders et
al., 2014). Strain properties are moreover maintained when reintroduced into cell lines

(Sanders et al., 2014).

Altogether, these studies exemplify the conformation-dependent template propagation of AB
and tau aggregates and suggest that specific conformers are responsible for distinct clinical

phenotypes, a process that is reminiscent of prion strains (Jucker and Walker, 2013).

4.7. Infectivity

A key feature of prions is their infectivity, as misfolded prion seeds can easily be transmitted
from one organism to another. Transmission from human-derived tissues to cells or animals
and transmission between animals of the same species have been widely demonstrated for
prions, as well as for AB and tau as reported in previous chapters of this manuscript
(Jaunmuktane and Brandner, 2020). Inter-human transmission of prion diseases however
remains rare, as most cases occurred under unusual and specific circumstances such as ritual
cannibalism (Collinge et al., 2006) and exposure to cadaver-derived growth hormone or dura

mater contaminated with PrP¢ (Brown et al., 2012).

Recently, CID patients who had received contaminated c-hGH injections (Jaunmuktane et al.,
2018) or dura mater grafts (Frontzek et al., 2016) were also found to present significant levels
of parenchymal and vascular AB. The preponderance of CAA is reminiscent of increased AB
vascular deposition following peripheral inoculation in mice (Eisele et al.,, 2010).
Histopathological examinations of human brains do not allow to discriminate transmitted Ap
pathologies from familial or sporadic forms (Jaunmuktane and Brandner, 2020). Additionally,

some level of tau pathology was also observed in these patients (Cali et al., 2018; Duyckaerts
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4. Prion-like hypothesis of AD

et al., 2018; Hervé et al., 2018). The analysis of c-hGH and dura mater batches demonstrated
the presence of AB and tau contaminants in some samples (Duyckaerts et al., 2018; Kovacs et
al., 2016; Purro et al., 2018), further supporting the prion-like seeding hypothesis of A and
tau. Moreover, the ability of these batches to seed AB aggregation was demonstrated in vivo
as their intracerebral inoculation in transgenic mice expressing a humanized APP led to
substantial AB plaque deposition, both in the parenchyma and the vasculature (Purro et al.,

2018).

Cases of iatrogenic transmission of pathological AR have also been reported in patients who
did not develop CJD but underwent surgical procedures in their childhood, presumably
involving contaminated tools. Such transmission of AB pathology, and more particularly CAA,
revealed to be fatal in some cases as it resulted in cerebral hemorrhages (Banerjee et al., 2019;

Hervé et al., 2018).

Over the past decades, more than 70 cases of A iatrogenic transmission have been reported,
including 17 cases of cerebral hemorrhages. Despite the occurrence of some tau lesions in
these cases, substantial transmission of tau pathology remains to be ascertained in humans.
Very recently, Jaunmuktane and colleagues reported the first evidence of significant tau
pathology in humans with iatrogenic AB transmission following an incubation period of over
35 years. Patients displayed leptomeningeal and cortical CAA, diffuse and dense core AP
plagues in the parenchyma as well as neuropil threads, pre-tangles, tangles and neuritic
plaques (Figure 43). However, whether such tau pathology was iatrogenically transmitted or
whether it was a downstream consequence of AP pathology remains unclear (Jaunmuktane

et al.,, 2021).
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4.7. Infectivity

Figure 43: latrogenic AP transmission associated with tau pathology in humans

Overview of AB (A, F, K; 6F3D antibody) and tau (B, G, L; AT8 antibody) pathologies, and focus
on pretangles (C, H, M), tangles (D, I, N) and neuritic plaques (E, J, O) in three cases of AB and
potentially tau iatrogenic transmissions following an incubation period of over 35 years
(Jaunmuktane et al., 2021).

It has been suggested that the limited number of studies reporting the iatrogenic transmission
of tau pathology as opposed to AR and PrP*¢ could, at least in part, be explained by the cellular
localization of these proteins. Indeed, AB and PrP>¢ are extracellular and transmembrane
proteins as opposed to intracellular tau, therefore making them more readily available for

iatrogenic seed transmission (Jaunmuktane and Brandner, 2020).

A summary of published cases reporting AB and/or tau transmission in humans is presented

in Table 3.
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4. Prion-like hypothesis of AD

Seed Examined AB pathology-positive cases

source cases (n) Parenchymal Vascular

Tau pathology-positive cases Concomitant pathology Reference

4+2 focal 3+1 focal latrogenic CJD (Jaunmuktane et al., 2015a)
12
1 with pretangles and phospho-tau
(12 diffuse, 6 dense 14 latrogenic CJD (Ritchie et al., 2017)*

in neurites
core, 5 neuritic)

1 with pretangles, NFTs and
12 4 2 None (Ritchie et al., 2017)*
phospho-tau in neurites

24 1 1 3 with NFTs and NTs latrogenic CID (Duyckaerts et al., 2018)?
7 with NFTs, 1 with dystrophic
8 2 3 latrogenic CID (Cali et al., 2018)3
neurites
1 1 1 - latrogenic CID (Simpson et al., 1996)
1 1 1 0 latrogenic CID (Preusser et al., 2006)

11 with threads, pretangles, NFTs
16 13 11 latrogenic CID (Hamaguchi et al., 2016)
or thorn-shaped astrocytes

7 5 5 0 latrogenic CID (Frontzek et al., 2016)*
= 2 2 2 0 latrogenic CID (Kovacs et al., 2016)
=]
©
£ 3 with NFTs, 2 with dystrophic
© 13 3 8 latrogenic CID (Cali et al., 2018)3
g neurites

1 1 1 1 with NFTs latrogenic CID (Ilwasaki et al., 2018)

1 with phospho-tau in neurites and
1 1 1 Cerebral hemorrhage (Hervé et al., 2018)
NFTs

Cerebral hemorrhage,
3 2 3 0 (Banerjee et al., 2019)
seizures
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4.7. Infectivity

1 1 1 0 Cerebral hemorrhage (Raposo et al., 2020)
3 with threads, pretangles, NFTs 1 Cerebral hematoma
3 3 (diffuse, dense core) 3 and neuritic plaques 1 Subarachnoid (Jaunmuktane et al., 2021)°
(2 with widespread pathologies) hemorrhage
5 4 3 (diffuse, dense core) 4 2 with threads, 1 with NFTs Cerebral hemorrhage (Jaunmuktane et al., 2018)
'§° ‘qé,; 2 - 2 - Cerebral hemorrhage (Hamaguchi et al., 2019)°
§ § 1 with phospho-tau positive
5 2 1 1 1 ) Cerebral hemorrhage (Giaccone et al., 2019)”
2 = neurites

Table 3: Reported cases of AB iatrogenic transmission in humans, with or without tau pathology.

Between 1996 and 2021, many cases of AB iatrogenic transmission have been reported following cadaver-derived human growth hormone
injections, dura-mater grafts and neurosurgery with contaminated tools. Only one study reported significant widespread tau pathology cases,
whereas others reported very rare tau lesions. NFT: neurofibrillary tangles.

Y(Ritchie et al., 2017) Tau pathology was unrelated to areas of AB deposition.

2(Duyckaerts et al., 2018) Tau-positive cases received radiotherapy in childhood that might have contributed to tau phosphorylation and
aggregation. These cases did not develop AP pathology. Tau-positive neurites surrounding PrP deposits were detected in all cases but were
associated with a prion-related tauopathy.

3(Cali et al., 2018) All cases with parenchymal AB deposition displayed CAA. Detected tau pathology was most likely age-related.
4(Frontzek et al., 2016) All AB-positive cases showed both parenchymal and vascular deposits.
5(Jaunmuktane et al., 2021) For one of the three cases, the use of cadaver-derived dural graft during neurosurgery is not known.

8(Hamaguchi et al., 2019) For these patients, it is unclear whether the neurosurgeries they underwent during childhood involved cadaveric dura
mater grafts.

’(Giaccone et al., 2019) This is a case report of a 29-year-old man who suffered a traumatic brain injury in childhood and underwent surgery that
included dura mater reconstruction. No information is available about the origin of the dura mater, although cadaveric dura grafts were still
widely used in Italy at the time of surgery.
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4. Prion-like hypothesis of AD

These studies raise concerns that iatrogenic transmission could represent a major public
health issue. It is however important to stress that, although iatrogenic transmissions of AD
neuropathological hallmarks have been described, there is no evidence suggesting that AD per
se is transmissible in humans, as none of the studied patients presented the full spectrum of

AD pathology (Collinge, 2005).

Nonetheless, the implementation of preventive procedures involving non-standard
decontamination methods should be considered to ensure the complete removal of misfolded
seeds from surgical and laboratory instruments. In addition, it would be interesting to design
prospective epidemiological studies to specifically detect cases of misfolded proteins
iatrogenic transmission that are associated with very long incubation periods (Jaunmuktane

and Brandner, 2020).
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Objectives

AD is a neurodegenerative disorder characterized by cognitive decline, cerebral atrophy and
the aggregation of misfolded AB peptides and tau proteins in the brain (Duyckaerts et al.,
2009). The iatrogenic transmission of such aggregates in patients exposed to compounds or
neurosurgical tools contaminated with AP and tau is suspected (Duyckaerts et al., 2018; Hervé
et al., 2018; Jaunmuktane et al., 2021, 2015b). Over the past decades, the experimental
transmission of AB and tau pathologies has been widely demonstrated in transgenic rodent
models, through the intracerebral inoculation of proteopathic seeds (Clavaguera et al., 2013;
Iba et al., 2013; Meyer-Luehmann et al., 2006; Stohr et al., 2012). These models are valuable
tools to better understand AD pathophysiology and characterize the mechanisms involved in

the development and progression of AD cardinal features.

Cognitive deficits are strongly correlated with synaptic impairments in AD patients (Terry et
al., 1991). However, the links between these alterations, AB and tau pathologies and
neuroinflammation are still debated. My first objective was to evaluate the relationships
between these AD features in an AB-plaque bearing mouse model that is not based on the

genetic manipulation of tau or microglia, following human AD brain extracts inoculation.

Lesion emergence and functional impacts are highly modulated by the nature of the host and
by the properties of the inoculated seeds (Jucker and Walker, 2013). Because of their
phylogenetic proximity, NHPs have a brain environment closer to the human brain than that
of transgenic mice. Hence, my second objective was to evaluate the functional, morphological
and histopathological impacts of AD brain extracts inoculations in mouse lemur primates

(Microcebus murinus).

Despite evidence suggesting the iatrogenic transmission of AB and tau pathologies in humans,
there is little information regarding the clinical and cognitive impacts associated with such
transmission (Jaunmuktane et al., 2021, 2015b). My third objective was to characterize AB
and tau pathological transmissions as well as clinical alterations in mouse lemur primates,
after AD brain extracts inoculations. In order to promote the seeding and spreading properties
of AB and tau seeds, a new stereotactic injection paradigm was developed in this study and

validated using two different batches of AD brain extracts.
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1.1. Context, objectives & abstract

1. Relationships between cognitive, synaptic and
neuropathological changes in AD brain-inoculated
mice

1.1. Context, objectives & abstract

AD is characterized by cognitive decline and neuropathological changes including aggregates
of misfolded AB peptides and tau proteins, neurodegeneration and neuroinflammation
(Duyckaerts et al., 2009). However, the relationships between these AD features are still partly
unknown. Cognitive deficits are strongly correlated with synaptic impairments in humans
(Terry et al., 1991). Studies in animal models have suggested that both AB (Selkoe, 2002;
Sivanesan et al., 2013) and tau (Dejanovic et al., 2018; Hoover et al., 2010; Pooler et al., 2014)
can induce synaptic deficits. They have also suggested that activated microglia surrounding
amyloid plaques are responsible for neuronal damage (Colonna and Butovsky, 2017), and that
microglia can engulf tau-positive synapses (Dejanovic et al., 2018). However, human genetic
evidence, exemplified by the large effect of the loss-of-function TREM2 mutations on AD risk
and on microglial function (Dourlen et al.,, 2019), argues that microglia have a protective

function that lowers the incidence of AD.

Previous attempts to elucidate the interactions between all of these AD-associated lesions
have mainly implicated transgenic mice overexpressing human AB and tau (Bennett et al.,
2017; Gotz et al., 2001; Pooler et al., 2015) or have used models based on the genetic or
chemical manipulation of microglia (Clayton et al., 2021; Lee et al., 2021; Leyns et al., 2019).
Based on the prion paradigm, the experimental transmission of AR and tau pathologies has
been widely demonstrated in transgenic rodent models, through the intracerebral inoculation
of either synthetic or brain-derived proteopathic seeds (Clavaguera et al., 2013; Iba et al.,
2013; Meyer-Luehmann et al., 2006; St6hr et al., 2012). These models provide a unique
opportunity to reassess relationships between AD core lesions and downstream

neurodegenerative processes.
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1. Relationships between cognitive, synaptic and neuropathological changes in AD brain-
inoculated mice

In this first article, we aimed to evaluate the relationships between AD hallmarks using a well-
characterized mouse model that produces high levels of AB but is not transgenic for any
human tau. We showed that AD brain extracts intrahippocampal inoculation can induce AB
deposition as well as Alzheimer-like tau-positive neuritic plaques, neuropil threads and
neurofibrillary tangles that spread through the brain. Additionally, in spite of leading to
comparable AB, tau and microglial pathologies, the inoculation of two different types of AD
brain extracts, either originating from patients with slowly (clAD) or rapidly evolving forms of
AD (rpAD), led to different levels of synaptic loss and cognitive impairments. A complementary
analysis based on correlative studies further evaluated the relationships between all of these
AD features. Synaptic defects in the hippocampus and the perirhinal/entorhinal cortex were
associated with the severity of tau pathology and with lower microglial load. Lower cognitive
scores were associated with synaptic defects and A load in the hippocampus, as well as with
tau pathology in both the hippocampus and the perirhinal/entorhinal cortex. Altogether, our
study highlights the multifactorial origin of cognitive deficits, reinforces the major contribution
of tau to AD-related neurodegenerative processes and suggests that microglial activity may

protect against synaptic loss.

1.2. Article

Submitted
& Available on BioRxiv (https://www.biorxiv.org/content/10.1101/2021.04.06.438654v1).

Lam S., Boluda S. Hérard AS. Petit F., Eddarkaoui S., Cambon K., The Brainbank Neuro-CEB
Neuropathology Network, Picq JL., Buée L., Duyckaerts C., Haik S., Dhenain M. Cognitive,

synaptic and neuropathological changes in Alzheimer’s brain-inoculated mice.
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ABSTRACT

Alzheimer's disease is characterized by lesions including extracellular amyloid-B plaques,
intracellular tau accumulations, activated microglia around amyloid plaques and synaptic
alterations that lead to cognitive impairments. Tau lesions occur in the form of tau-positive
aggregates surrounding amyloid-f deposits leading to neuritic plaques, neuropil threads, and
neurofibrillary tangles. The interactions between these lesions and their contribution to

cognitive impairments is still debated.

In this study, through the intrahippocampal inoculation of human Alzheimer-brain extracts
into an amyloid-B plaque-bearing mouse model, we induced amyloid plaques, Alzheimer-like
tau-positive neuritic plaques, neuropil threads and neurofibrillary tangles that spread through

the brain, and microgliosis as well as synaptic and cognitive impairments in some animals.

Neuritic plaques, but not other tau-positive lesions, were detected in both non-inoculated and
control-brain-inoculated amyloid-f plaque-bearing mice. Alzheimer-brain extracts inoculation
further increased tau pathology within neuritic plaques. As opposed to the control-brain
extract, Alzheimer-brain extracts induced neuropil threads and neurofibrillary tangles next to
the inoculation site. These lesions also spread to connected brain regions such as the

perirhinal/entorhinal cortex.

Different levels of synaptic loss and cognitive impairments were induced by inoculating two
types of Alzheimer-brain extracts originating from slowly (clAD) or rapidly evolving forms of
AD (rpAD), although no difference in amyloid-B deposition, tau pathology and microgliosis was

identified between clAD- and rpAD-inoculated animals.

A complementary analysis investigated relationships between synaptic or cognitive
impairments and Alzheimer pathology. Synaptic defects were associated with the severity of
tau lesions and with lower microglial load. Lower cognitive scores correlated with synaptic
defects as well as with amyloid and tau pathologies in the hippocampus, and with tau lesions

in the perirhinal/entorhinal cortex.

Taken together, this study shows that amyloid-B deposits are sufficient to induce tau
pathology within neuritic plaques in AR plague—bearing mice that do not overexpress tau.
Alzheimer-brain extract inoculation however increases tau pathology within neuritic plaques,

and induces neuropil threads and neurofibrillary tangles that spread in the brain. Inoculation
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of different human Alzheimer-brain extracts leads to different levels of synaptic loss and
cognitive impairments. Synaptic loss and cognitive impairments are associated with multiple
factors such as the severity of tau lesions and lower microglial activity, as well as amyloid
deposition for cognitive changes. These results highlight that microglial activity may protect

against synaptic loss.

KEYWORDS

Alzheimer's disease; microglia; synaptotoxicity; tau; transmission
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INTRODUCTION

Alzheimer’s disease (AD) core lesions include amyloid-B (AB) plaques and intracellular tau
accumulations that spread in a highly stereotyped pattern throughout the brain (Braak and
Braak, 1991), neuroinflammation including microgliosis (Hansen et al., 2018), and synaptic
alterations (Terry et al., 1991). The relationships between these lesions and how they lead to
cognitive deficits are still partly unknown. In humans, cognitive impairments are strongly
correlated with synaptic deficits (Terry et al., 1991), with neocortical tau pathology but not as
well with AB plaque load (Bennett et al., 2004; Nelson et al., 2012). Synaptic deficits have been
associated with both tau (Hoover et al., 2010; Pooler et al., 2014; Spires-Jones and Hyman,
2014; Dejanovic et al., 2018) and AB (Selkoe, 2002; Sivanesan et al., 2013; Spires-Jones and
Hyman, 2014) in mice and other experimental models. Microglia are key regulators of AD
pathophysiology although their role is still debated. Several evidence (mostly in mouse
models) suggest that increased activated microglia surrounding amyloid plaques are
responsible for neuronal damage (Colonna and Butovsky, 2017). Also, microglia can engulf
synapses in physiological conditions (Paolicelli et al., 2011), as well as tau-positive synapses in
pathological conditions (Dejanovic et al.,, 2018). However, human genetic evidence,
examplified by the lower incidence of AD in individuals with loss-of-function Trem2 mutations
that impair microglial activation (Dourlen et al., 2019), argues that microglia have a protective

function.

Several studies have attempted to elucidate the interactions between all these elements of
AD pathophysiology using transgenic mice overexpressing human A or tau (with or without
frontotemporal dementia mutations) (Gotz et al., 2001; Pooler et al., 2015; Bennett et al.,
2017). Over the last decade, new paradigms were established to induce widespread AB and
tau pathologies in mice via the intracerebral injection of human AD brain extracts. These
models provide a unique opportunity to assess relationships between AD core lesions and
downstream neurodegenerative processes. In this study, we inoculated crude AD brain
homogenates as well as control brain homogenates in the hippocampus of mice with high AB
production. AD brain homogenates increased amyloid load at the inoculation site, increased
tau lesions within neuritic plagues and induced neuropil threads and neurofibrillary tangles
that spread in connected areas as the perirhinal/entorhinal cortex. Different levels of synaptic

impairments and cognitive loss were induced by inoculating two different types of human AD
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brain extracts originating from slowly (clAD) or rapidly (rpAD) evolving forms of AD. No
differences in amyloid, tau pathology or microgliosis were identified between the clAD- and
rpAD-inoculated groups. In a complementary analysis, we investigated relationships between
synaptic alterations or cognitive impairments and AD pathology using correlative studies.
Synaptic defects were associated with the severity of tau lesions and to lower microglial load.
Lower cognitive scores were associated with synaptic defects, amyloid deposits and tau

pathology.

MATERIAL AND METHODS

Human brain collection and characterization

Frozen brain samples (parietal cortex) from clinically different sporadic AD patients (four
patients with classical slowly evolving forms of AD (clAD, disease duration of 5 to 8 years) and
four with a rapidly evolving form of AD (rpAD, disease duration of 6 months to 3 years)) as
well as age-matched control individuals (two cases) were collected from a brain donation
program of the GIE NeuroCEB and the CNR-prion brain banks. Consent forms were signed by
either the patients themselves or their next of kin in their name, in accordance with French
bioethics laws. No case of hippocampal sclerosis was reported and all brain samples were
PrPSc negative. Samples from clAD and rpAD brains were also negative for a-synuclein and
TDP-43. All brain tissues were assessed by immunohistochemistry, as previously described in

Gary et al. 2019 (Gary et al., 2019) (Supplementary Methods 1).

Human brain homogenate preparation and characterization

Parietal cortex samples from each patient were individually homogenized at 10%
weight/volume (w/v) in a sterile 1X Dulbecco’s phosphate buffer solution in CK14 soft tissue
homogenizing tubes at 5000 rpm for 20 sec (Precellys®, Bertin technologies). Individual brain
homogenates were then sonicated on ice for 5 sec at 40% amplitude and centrifuged at 3000g
for 5 min at +4°C. The resulting supernatant was aliquoted in sterile polypropylene tubes and
stored at - 80 °C until use. Brain homogenates were then prepared by combining brain
extracts from different patients. clAD and rpAD homogenates consisted in a combination of
four brain extracts from the patients with clAD and rpAD, respectively. A third homogenate,

considered as a control, was prepared from non-demented individuals (Ctrl, n=2 subjects).
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Brain homogenates were characterized by biochemistry. AB levels were evaluated using the
human V-PLEX kit AB Peptide Panel 1 (6E10) (MSD®) according to the manufacturer’s
recommendations (Supplementary Methods 2.1). Total tau and phosphot-taul81 were
evaluated by ELISA according to the manufacturer’'s recommendations (Supplementary
Methods 2.1). Tau was characterized by western blotting using AT100, 2H9, tau-Nter and tau-
Cter antibodies (Supplementary Methods 2.2). Ibal and GFAP proteins were also quantified

by western blots (Supplementary Methods 2.2).

Transgenic mice

Mouse experiments were performed on the APPswe/PSlges mouse model of amyloidosis
(Garcia-Alloza et al., 2006). Animals were studied eight or four months after intracerebral
inoculation of the brain homogenates (at 8 and 4 months post-inoculation (mpi) respectively,
Ncei=15 and 11, naap=15 and 14, npap=20 and 12). Wild-type littermates injected with the Ctrl
brain sample were used as controls for the behavioral tests (at 8 and 4 mpi respectively,
nwr=12 and 6). All APPswe/PS14es mice were born and bred in our center (Commissariat a
I’'Energie Atomique, centre de Fontenay-aux-Roses; European Institutions Agreement #B92-
032-02). All animals were randomly assigned to the experimental groups. Males were
exclusively used in this study. All experimental procedures were conducted in accordance with
the European Community Council Directive 2010/63/UE and approved by local ethics
committees (CEtEA-CEA DSV IdF N°44, France) and the French Ministry of Education and
Research (A17_083 authorization).

Preparation of brain samples and stereotaxic surgery

10% Ctrl, clAD or rpAD individual brain homogenates were thawed on ice. Homogenates were
then pooled together according to their group and the three resulting combined samples (Ctrl,
clAD, rpAD) were sonicated (70% amplitude, 10 sec on/off; Branson SFX 150 cell disruptor
sonicator, 3.17mm microtip probe Emerson, Bron) on ice in a sterile environment,
extemporaneously before stereotaxic injection. Bilateral injections of brain samples were
performed in the dorsal hippocampus of two-month old anesthethised mice (AP -2 mm, DV -
2mm, L +/-1 mm from bregma, 2ul of sample administered at a 0.2ul/min rate) through a

stereotaxic surgical procedure described in Supplementary Methods 3.
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Behavioral evaluations

A battery of behavorial tests (elevated plus maze, a novel object recognition task in a V-maze,
and a Morris water maze) was conducted at 8 mpi or 4 mpi on APPswe/PS14e9 mice. Wild-type
littermates injected with the Ctrl brain sample were used as controls for the tests. Mice were
handled for 2 minutes per day, for 5 days prior to any test. Before each test, mice were
habituated to the experimental room for 30 minutes. The experimenter was blind to mouse
groups. Performances were recorded using a tracking software (EthoVision XT14, Noldus)

(Supplementary Methods 4).

Animal sacrifice and brain preparation for histology

Mice were sacrificed at 8 or 4 mpi, after the behavioural tests, with an intraperitoneal injection
of a lethal dose of pentobarbital (100 mg/kg; Exagon, Axience). They were perfused
intracardiacally with cold sterile 0.1M PBS for 4 minutes, at a rate of 8 ml/min. The brain was
extracted and post-fixed in 4% paraformaldehyde for 48 hours at +4°C, transferred in a 15%
sucrose solution for 24 hours and in a 30% sucrose solution for 48 hours at +4°C for
cryoprotection. Serial coronal sections of 40 um were performed with a microtome (SM2400,
Leica Microsystem) and stored at -20°C in a storing solution (glycerol 30%, ethylene glycol
30%, distilled water 30%, phosphate buffer 10%). Free-floating sections were rinced in a 0.1M
PBS solution (10% Sigma-Aldrich® phosphate buffer, 0.9% Sigma-Aldrich® NaCl, distilled
water) before use. Washing and incubation steps were performed on a shaker at room

temperature unless indicated otherwise.
Immunohistochemistry for amyloid, tau, microgliosis and astrogliosis

Amyloid deposits were evaluated using a 4G8 labelling. Tau was evaluated using AT8 and
AT100 labellings. Microgliosis was evaluated using Ibal and CD68 antibodies. Astrocytes were
stained with the GFAP antibody. Staining procedures are described in Supplementary
Methods 5. Stained sections were scanned using an Axio Scan.Z1 and segmented using ImageJ-
based automatic local thresholding methods to quantify 4G8, AT8, AT100, Ibal and CD68
immunostainings (Supplementary Methods 5). In addition for the AT8 immunostaining, a
guantification of neuritic plagues and AD-like neurofibrillary tangles was performed by

manual counting (Supplementary Methods 5). A semi-quantitative analysis of neuropil threads
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was also performed by assigning a severity score based on the intensity and extent of AT8-

positive staining in each ROI (Supplementary Methods 5).

Gallyas silver staining

Free-floating sections were mounted on Superfrost Plus (Thermo-Scientific®) slides and dried
overnight prior to Gallyas staining according to a procedure described in Supplementary

Methods 6.

Co-stainings of microglia and amyloid plaques

In order to evaluated microglial load surrounding amyloid plaques, microglia and amyloid
plague co-staining was performed according to a procedure described in Supplementary
Methods 7. The method used to quantify microglial load around plaques is described in the

same Supplementary Methods 7.

Evaluation of synaptic density

Synaptic density was evaluated in the hippocampus (CA1) and the perirhinal/entorhinal cortex
of inoculated mice using a double immunolabelling of presynaptic (Bassoon) and postsynaptic
(Homer1) markers. Free-floating sections were permeabilized in a 0.5% Triton X-100/0.1M PBS
(Sigma-Aldrich®) solution for 15min. Slices were incubated with Bassoon (Abcam Ab82958,
1/200) and Homerl (Synaptic systems 160003, 1/400) antibodies diluted in 3%BSA/PBST
solution for 24 hours at +4°C. Incubation with secondary antibodies coupled to a fluorochrome
(Alexa Fluor) diluted in a 3%BSA/0.1M PBS solution was then performed for 1h at room
temperature. Sections were rinsed and mounted on Superfrost Plus (Thermo-Scientific®)
slides with the Vectashield® mounting medium with a refractive index of 1.45. Images of
stained sections were acquired using a Leica DMI6000 confocal optical microscope (TCS SPE)
with a 63x oil-immersion objective (refractive index 1.518) and the Leica Las X software. A
confocal zoom of 3 and a pinhole aperture fixed at 1 Airy were applied. Acquisition was
performed in sequential mode with a sampling rate of 1024x1024 and a scanning speed of 700
Hz. Image resolution was 60 nm/pixel and the optical section was 0.896 um. 26 separate
planes with a 0.2 um step were acquired. The excitation wavelengths were 594 nm or 633 nm.
Image acquisition in the CA1 region was performed on 4 adjacent slices located between -1.82
mm and -3.28 mm from the bregma, with 2 images per slice. For the perirhinal/entorhinal

cortex, 3 adjacent slices located between -3.28 mm and -4.24 mm from the bregma were

152



analyzed, with 2 images acquired per slice. 3D deconvolution of the images was performed
using the AutoQuant X3 software. The deconvoluted 8-bit images were analyzed using the
Imagel) software, as described in Gilles et al (Gilles et al., 2017). Briefly, automated 3D
segmentation of the staining allowed to determine the volume occupied by Bassoon-positive
or Homer-positive objects in the 3D space as well as the localization of the geometrical
centroid or center of mass of the objects. Co-localization was determined by the detection of
overlapping objects, and depended on the center-to-center distance and the percentage of

co-localization volumes for each pair of objects.

Statistical analysis

Statistical analysis was performed using the GraphPad Prism software 8. Kruskal-Wallis test
with Dunn’s multiple comparisons were perfomed except when repeated measures were
acquired in the behavioral tasks, in which case, a two-way repeated measures ANOVA with
the Geisser-Greenhouse correction and Dunnett’s multiple comparisons was carried out.
Wilcoxon’s signed-rank test was used to compare the time spent in the Morris Water maze
quadrants with the theoretical value of 15 seconds (25% of trial duration). For comparisons
between AD (clAD and rpAD mice as one AD group) and Ctrl mice, Mann-Whitney tests were
conducted. For correlation studies, Spearman correlation test was performed. The significance
level was set at p<0.05. Data are shown on scattered dot plots with mean + standard error of

the mean (s.e.m).
Data availability

The data that support the findings of this study are available from the corresponding author,

upon reasonable request.
RESULTS

Characterization of human brain homogenates

We prepared two brain homogenates from sporadic AD patients, with each homogenate
consisting of a combination of four brain extracts from patients with either a rapidly evolving
form of AD (rpAD) or patients with forms of AD that evolved more slowly (clAD). A third
homogenate, considered as a control, was prepared from non-demented individuals (Ctrl, n=2
subjects). The characteristics of the selected subjects are presented in Supplementary Table 1

and Supplementary Fig. 1-2. The amounts of amyloid, tau and neuroinflammatory proteins
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slightly differed between the brain homogenates, as the rpAD homogenate displayed more
total tau and phospho-taul81, but less ABsgand ABao than the clAD one (Supplementary Fig.

2A-F). Ibal and GFAP levels were similar in the two AD homogenates (Supplementary Fig. 2G-
).

Cognitive alterations in AD brain-inoculated mice

rpAD, clAD, and Ctrl brain homogenates were inoculated bilaterally (2 pl/site) in the dorsal
hippocampus (CA1) of 2-month-old APPswe/PS14e0 mice. This model expresses the endogenous
murine tau protein isoforms and is not transgenic for any human tau. Inoculated mice were
evaluated using a battery of behavioral tests at 8 mpi. An additional group of Ctrl-inoculated
wild-type (WT) littermates was used as controls. First, we found that, compared to clAD and
Ctrl brain inoculations, rpAD brain inoculation led to novel object recognition deficits as
evaluated in an object-recognition task (V-maze test) (Fig. 1A-C). The test was divided into
three phases (spread over 3 days). Following an habituation phase in an empty arena on day
1, two identical objects were added to the maze on day 2 (training phase). One of them was
eventually removed and replaced by a novel object on day 3 (discrimination phase). Mice from
each group showed similar exploratory activity, as suggested by comparable interest in the
two identical objects during the training phase on day 2 (Fig. 1A), and similar distance travelled
throughout the three days of test (Fig. 1B). During the novel object recognition evaluation on
day 3, rpAD mice spent less time exploring the novel object, leading to a significantly lower
discrimination index, compared to WT and APPswe/PS14es clAD or Ctrl-inoculated mice (Fig. 1C,
respectively, p=0.0018, 0.0082 and 0.0007). Spatial memory was then assessed using the
Morris water maze test (Suppl Fig. 3A-C). During the training phase, no difference was
observed between the groups suggesting that Ctrl, clAD and rpAD brain inoculations do not
differentially impact spatial learning abilities in APPswe/PS14e9 mice (Supplementary Fig. 3A-B).
Spatial memory retention was then evaluated 72 hours after the last training test. All groups
performed as well as the WT group by spending more time in the target quadrant than in the
opposite one, suggesting that spatial memory is not impaired in APPswe/PS14e9 Ctrl or AD-
inoculated mice (Supplementary Fig. 3C). Moreover, the time spent both in the target
guadrant and in the opposite one was significantly different from the theoretical value of 15
seconds, which corresponds to 25% of the trial duration, supporting the idea that all groups

successfully memorized the platform location (Supplementary Fig. 3C). Anxiety levels were
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also evaluated using the general aversion of rodents to open spaces in the elevated plus maze
test, which is a plus-shaped apparatus with two open and two enclosed arms. The different
groups did not display differences in the distance travelled, the time spent leaning over the
maze, as well as the time spent in open and enclosed arms or at their intersection in the center
of the arena (Supplementary Fig. 3D-F). These results suggest that anxiety levels at 8 mpi are
neither impacted by the APPswe/PS14es genotype, nor by the intracerebral inoculation of AD
brains. No difference in cognitive performance was observed at 4 mpi (Supplementary Fig. 4A-

C’ nCtr|=111 nC|AD=14, nrpAD=12, nWT=6)-

Synaptotoxicity in AD brain-inoculated mice

Synaptic density was then evaluated in the hippocampus (CA1) and the perirhinal/entorhinal
cortex of inoculated mice at 8 mpi, using a double immunolabelling of presynaptic (Bassoon)
and postsynaptic (Homer) markers. The amount of colocalized punctas, an indicator of
synaptic density, was decreased by 30% and 26% in rpAD mice compared to Ctrl and clAD
mice, respectively, in the hippocampus (Fig. 1D, respectively p=0.0011 and 0.037). In the
perirhinal/entorhinal cortex, lower synaptic density was observed in the rpAD group
compared to the Ctrl group but not to the clAD group (Fig. 1E, respectively p=0.001 and 0.13).
No difference in synaptic density was found between the Ctrl and clAD groups (Fig. 1D-E).
Correlative studies showed that the discrimination index in the V-maze was correlated with
synaptic defects in the CA1l (Fig. 1F, rspearman-hip=0.35, p=0.02) but not in the

perirhinal/entorhinal cortex (Fig. 1G, rspearman-p/ec=0.27, p=0.29).

Acceleration of AB plaque deposition and induction of tau pathologies close to the injection

site in AD brain-inoculated mice

At 8 mpi, AD brain inoculation led to an increase in amyloid plaque deposition in the
hippocampus and in the region surrounding the alveus compared to Ctrl brain (Fig. 2,
respectively for clAD and rpAD brains, p=0.0005 and p<0.0001 in the hippocampus, p<0.0001
and p<0.0001 in the alveus). The same changes were found at 4 mpi (Supplementary Fig. 4F-

G). This suggests that the amyloid increase detected at 8 mpi (Fig. 2) already started at 4 mpi.

Three types of tau lesions occur in AD patients: tau-positive aggregates surrounding AB

deposits leading to neuritic plaques, neuropil threads and neurofibrillary tangles. AD-like
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neuritic plaques (NPs) (Fig. 3A, G-J), neuropil threads (NTs) (Fig. 3B), neurofibrillary tangles
(NFTs) (Fig. 3C-F) were all recapitulated in AD brain-inoculated APPswe/PS14e9 mice.

At 8 mpi, neuritic plaques were detected in the hippocampus of AD- and Ctrl-inoculated mice
(Fig. 3G-I, K-L). To further evaluate if human brain inoculation was necessary to induce these
lesions, we performed an AT8 staining on old non-inoculated APPswe/PS14e9 mice and also
observed neuritic plaques (Fig. 3J). Quantification showed that neuritic plaque count was
similar in AD- and Ctrl-inoculated mice (Fig. 3K). However, the AT8-positive area stained within
neuritic plagues was larger in the two AD-inoculated groups compared to Ctrl animals (Fig.

3G-l and 3L, p=0.001 and p<0.0001, respectively for clAD and rpAD mice).

At 8 mpi, compared to the Ctrl-inoculated mice, AD-inoculated mice displayed an overall
increase in tau lesions in the hippocampus (Fig. 3M-0, 3S; p=0.001 and p<0.0001 respectively
for clAD and rpAD mice) and in the alveus (Fig. 3P-R, 3T; p=0.0035 and p<0.0001 respectively
for clAD and rpAD mice), as revealed by an AT8-positive immunostaining directed against
hyperphosphorylated tau. The same trends, although to a lesser extent, were reported at 4
mpi (Supplementary Fig. 4l-J). In AD-inoculated mice, AT8-positive neuropil threads were
induced both in the hippocampus (Fig. 3U, p=0.0005 and p<0.0001 in clAD and rpAD mice,
respectively) and the alveus (Fig. 3V, p=0.0036 and p<0.0001 in clAD and rpAD mice,
respectively) whereas Ctrl-inoculated animals did not present these lesions. Moreover, AT8-
positive NFTs were increased in the hippocampus of AD-inoculated mice as opposed to Ctrl-
inoculated animals at 8 mpi (Fig. 3W, p=0.001 and p<0.0001 in clAD and rpAD mice,

respectively).

Further evaluation of tau lesions revealed AT100 positive labelling in the forms of neuropil
threads (Supplementary Fig. 5A, arrowheads) and NFTs (Supplementary Fig. 5A, arrow) in AD-
inoculated mice. Quantification of the AT100 staining showed increased labelling in the alveus
of AD-inoculated mice but not in the hippocampus (Supplementary Fig. 5B-C, p=0.0007 and
0.092 respectively). Gallyas silver staining revealed neuropil thread labelling (Supplementary
Fig. 5D) as well as amyloid plaques (Supplementary Fig. 5E). No quantification was performed

as this technique reveals both tau and amyloid lesions.
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Tau spreading in AD-brain inoculated mice

We then evaluated AB and tau lesions in the perirhinal/entorhinal brain regions that are
connected to the hippocampus (Fig. 4A-B). Amyloid load was similar in the
perirhinal/entorhinal cortex of rpAD, clAD and Ctrl mice (Fig. 4C-E, 41, p>0.05). AB detected in
the perirhinal/entorhinal cortex may thus only reflect the endogenous expression of the
peptide in the APPswe/PS14es model. Conversely, overall hyperphosphorylated tau lesions
(AT8-positive area) were clearly increased in the perirhinal/entorhinal cortex of AD brain
inoculated animals compared to Ctrl-inoculated ones (Fig. 4F-H, 4J, p=0.0007 and p=0.0002,
respectively for clAD and rpAD mice). Neuritic plague accumulation was increased in the
perirhinal/entorhinal cortex of rpAD-inoculated mice compared to Ctrl mice (Fig. 6K, p=0.038).
The AT8-positive area stained within neuritic plaques was larger in the perirhinal/entorhinal
cortex of the two AD-inoculated groups compared to Ctrl animals suggesting that the neuritic
plagues were more reactive in the AD groups (Fig. 6L, p=0.0034 and p<0.0001, respectively for
clAD and rpAD mice). Neuropil threads and NFTs were detected in the perirhinal/entorhinal
cortex of AD-inoculated mice but not in Ctrl-inoculated animals (Fig. 6M, neuropil thread
accumulation for clAD and rpAD mice, p=0.0003 and p=0.0002; Fig. 6N, NTF accumulation for
clAD and rpAD mice, p=0.005 and p<0.0001). These lesions were mainly found in the external
layers Il and Ill of the cortex (Fig 6F-H) that project to the dentate gyrus via the perforant
pathway and to the CA1l region via the temporo-ammonic pathway, respectively. On the
contrary, internal layers (e.g. layers V-VI) that receive projections from the CA1 region were
not labelled. Other cortical regions such as the visual cortex also displayed neuropil threads,
NFTs and neuritic plagues in clAD and rpAD mice (Supplementary Fig. 6A-B). As in the
hippocampus, AT100 staining revealed tau lesions in the perirhinal/entorhinal cortex
(Supplementary Fig. 7A-B) and a statistical difference in AT100-positive staining was detected
between the ADs and Ctrl groups (Supplementary Fig. 7C, p=0.005). Gallyas staining was also
positive for tau lesions (Supplementary Fig. 7D-E) and amyloid plaques (Supplementary Fig.

7D, 7F) in this region.

Studies at 4 mpi revealed an increased level of tau lesions in AD-inoculated mice next to the
inoculation site (Supplementary Fig. 4l-J). However, no changes of tau lesions were detected
in the perirhinal/entorhinal cortex at 4 mpi (Supplementary Fig. 4K). The increased presence

of tau lesions at both sites at 8 mpi in AD-inoculated mice, while tau was not increased at 4
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mpi in the perirhinal/entorhinal cortex, suggests that tau gradually spreads through the brain
in a time-dependent manner. Consistently with the lack of amyloid spreading at 8 mpi (Fig. 4),
no change in amyloid deposition was detected in the perirhinal/entorhinal cortex of Ctrl

compared to AD-brain inoculated animals at 4 mpi (Supplementary Fig. 4H).

Neuroinflammatory response

Neuroinflammation was assessed by staining brain tissues using Ibal, a general marker for
microglia as well as an anti-CD68 antibody that stains a lysosomal protein expressed at high
levels by activated microglia and at low levels by resting microglia. Ibal and CD68 stainings
were positively correlated in the hippocampus and the perirhinal/entorhinal cortex
(Supplementary Fig. 8A-B, rspearman-hip=0.39 and p=0.009, rspearman-ec=0.53 and p=0.0002).
Quantification revealed similar levels of Ibal (Fig. 5A-B) and CD68 (Fig. 5C-D) stained areas in
the hippocampus or perirhinal/entorhinal cortex of clAD, rpAD and Ctrl groups (p>0.05;

Kruskal-Wallis with Dunn’s multiple comparisons).

Visual observation of the stained sections suggested different levels of staining for Ibal with
some animals displaying high Ibal labelling (Fig. 5G-H) and some others lower staining (Fig.
5K-L). Animals displaying high Ibal labelling showed abundant activated microglia
characterized by beading with spheroidal swellings of the processes and enlarged cell body
with dystrophic ramifications (Fig. 51, arrows) (Sanchez-Mejias et al., 2016). These activated
cells formed microglial clusters surrounding AR plaques (Fig. 5J). In contrast, mice with low
Ibal labelling (Fig. 5K-L) displayed highly ramified microglia, both close to and far from amyloid
plaques (Fig. 5M and 5N respectively), which is consistent with a non-activated phenotype. As
for Ibal, some animals displayed high CD68 labelling (Fig. 50) and some others lower staining
(Fig. 5P). Some clusters of CD68-stained microglia surrounded amyloid deposits (Fig. 5Q) while
some others were not associated with amyloid deposits (Fig. 5R). Microglial activation was
proposed to shield amyloid plaques off from neurons to prevent their toxicity (Condello et al.,
2015). Using confocal microscopy, we showed that, as expected, Ibal stained microglia
surrounding amyloid plaques (Supplementary Fig. 8C). We thus evaluated whether microglial
load surrounding amyloid plaques differed following the inoculation of various brain extracts.
We could not detect any differences in Ibal staining around plaques in the different groups
(Fig. 5E-F, p>0.05). This suggests no difference in the shielding effect in our three models of

inoculation.
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Finally, astrocyte reactivity (GFAP staining) was evaluated and no difference was detected
between the groups in the hippocampus and in the perirhinal/entorhinal cortex

(Supplementary Fig. 9).

Synaptic density is associated with Tau and reduced migroglial activation but not with AB

pathology

No differences in amyloid (Fig. 2, 4), tau pathology (Fig. 3, 4) or microgliosis (Fig. 5) were
identified between the rpAD- or clAD-inoculated group despite different levels of synaptic
impairments (Fig. 1D-E). To further evaluate the origins of synaptic impairments, we took
advantage of interindividual heterogeneity to assess the relationships between synaptic
density and tau lesions, amyloid pathology and microgliosis. Synaptic density in the
hippocampus (CA1) and in the perirhinal/entorhinal cortex was inversely correlated with
global tau pathology in the same region (Fig. 6A, 6E, rspearman-hip=-0.37, p=0.008 and rspearman-
p/ec=-0.32, p=0.03). Synaptic density in the perirhinal/entorhinal cortex was correlated with
neuritic plaque count (Fig. 6F, rspearman-p/ec=-0.50, p=0.0005), AT8-positive area stained within
neuritic plaques (Fig. 6G, rspearman-p/ec=-0.45, p=0.001), neuropil threads (Fig. 6H, rspearman-p/ec=-
0.43, p=0.003), and NFTs (Fig. 6l, rspearman-p/ec=-0.38, p=0.011). This suggests that tau
contributes to synaptic alterations. Synaptic density was not correlated with amyloid load in
the hippocampus nor in the perirhinal/entorhinal cortex (Fig. 6B, 6J, p>0.05). A positive
correlation was also reported between synapses and Ibal staining in the hippocampus (Fig.
6C, rspearman-hip=0.50, p=0.0002) and between synapses and Ibal (Fig. 6K, rspearman- p/ec=0.44,
p=0.0018) or CD68 stainings (Fig. 6L, rspearman- p/ec=0.57, p<0.0001) in the perirhinal/entorhinal
cortex. No relationship between synapses and GFAP staining was observed in these regions

(not shown).

Cognitive scores are associated with increased tau and amyloid loads

Cognitive changes were shown to be associated with synaptic impairments (Fig. 1F-G). We
further investigated their relationships with AD pathology. Cognitive scores in the V-maze test
were negatively correlated with tau pathology in both the hippocampus and the
perirhinal/entorhinal cortex (global tau pathology (Fig. 7A-B, rspearman-hip=-0.35, p=0.021 and
I'spearman-p/Ec=-0.42, p=0.0059), AT8-positive area stained within neuritic plaques (Fig. 7C-D,
Fspearman-hip=-0.37, p=0.014 and rspearman-p/ec=-0.42, p=0.006), neuropil threads (Fig. 7E-F,
F'spearman-hip=-0.44, p=0.0039 and rspearman-p/ec=-0.36, p=0.022), NFTs (Fig. 7G-H, rspearman-hip=-0.34,
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p=0.032 and rspearman-p/ec=-0.40, p=0.012)). Cognitive scores in the V-maze were also negatively
correlated with amyloid load in the hippocampus, but not in the perirhinal/entorhinal cortex
(Fig. 8A-B, rspearman-hip=-0.48, p=0.001 and rspearman-r/ec=-0.17, p=0.29). Finally, cognitive scores
in the V-maze were positively correlated with microglial load stained by Ibal in the
hippocampus and perirhinal/entorhinal cortex (Fig. 8C-D, rspearman-hip=0.34, p=0.028; rspearman-
p/ec=0.45, p=0.003) but not with CD68 staining (Fig. 8E-F, rspearman-hip=0.07, p>0.6; rspearman-
p/ec=0.16, p>0.3). No relationship between cognitive scores and astrocyte-associated GFAP

staining was observed (not shown).
DISCUSSION

Based on the intracerebral inoculation of crude AD brain homogenates into mice with high AB
production, we produced a highly pathologically relevant AD model which develops amyloid
plagues, tau lesions that spread in the brain, and in some cases synaptic and cognitive

impairments.

A first part of our study was dedicated to compare the impact of the inoculation of Ctrl and
two AD brain extracts (e.g. rapidly (rpAD) or slowly evolving forms (clAD) of AD). Comparison
of Ctrl versus AD-inoculated mice (rpAD or clAD) showed that as expected (Di Fede et al., 2018;
Gary et al.,, 2019), amyloid load was increased in the hippocampus following AD brain

intrahippocampal inoculation.

Neuritic plagues were detected in AD-inoculated mice as well as in Ctrl-inoculated mice. We
evaluated neuritic plaques in aged non-inoculated mice and found that they also displayed
these lesions. This result is consistent with reports showing that neuritic plaques occur
spontaneously with age in APPswe/PS1l4es mice (Metaxas et al., 2019). It suggests that B-
amyloid plaques, per se, are sufficient to induce neuritic plaques. In humans, different forms
of amyloid plaques, including non-AB ones, can also induce tau lesions in surrounding neurites
(Duyckaerts et al., 2018). Our study moved one step forward by showing that the density of
tau lesions within neuritic plaques was higher in AD-inoculated mice compared with Ctrl-
inoculated animals. Taken together, this highlights that amyloid plaques create a
microenvironment that induces tau lesions within neuritic plaques, and that such lesions are
amplified by the exposure to human AD brain, presumably because of exogenous pathological

tau seeds.
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Unlike neuritic plaques, neuropil threads and NFTs were not detected in Ctrl brain-inoculated
mice. They were induced next to the inoculation site in the AD-inoculated animals. In addition,
they spread from the inoculated site to connected brain regions such as the

perirhinal/entorhinal cortex.

Following the comparison between Ctrl- and AD-inoculated mice, we compared mice
inoculated with rpAD and clAD brain extracts. We provided the first experimental evidence
that the intracerebral inoculation of these different AD brain extracts can induce different
levels of synaptic loss and cognitive alterations. Group comparisons however did not show any
differences between amyloid, tau or neuroinflammation levels between rpAD or clAD animals.
Synaptic/cognitive differences may thus be related to a biological parameter that was not

captured by our study, or also emerge from multiple causes.

In a second part of the study, we thus decided to assess relationships between synaptic or
cognitive impairments and amyloid, tau, and microgliosis. At 8 mpi, synaptic deficits in the
hippocampus (CA1) and the perirhinal/entorhinal cortex were significantly associated with
global tau pathology. In the perirhinal/entorhinal cortex, i.e. at distance from the inoculation
site, they were also correlated with AT8-positive area stained within neuritic plaques, neuropil
threads and NFTs. These results, in a model that is not based on tau overexpression, strongly

support that tau pathology contributes to synaptic alterations.

Synaptic loss was also associated with a reduction of microgliosis in the hippocampus (for Ibal
staining), but also at distance from the brain extract inoculation site in the
perirhinal/entorhinal cortex (for both Ibal and CD68 stainings). Controversial results are
reported in the literature regarding the impact of microglial activation on AD-related
neurodegenerative processes. In contradiction with our results, several studies showed that
synaptic alterations are associated with increased microglial activation in amyloid-plaque
bearing models (Spangenberg et al., 2016) as well as in mice overexpressing human tau (Leyns
et al., 2017; Dejanovic et al., 2018). On the contrary, several evidence in mouse models with
genetic-related microglial impairments (e.g. Trem2 deficient mice) (Leyns et al., 2019; Lee et
al., 2021) or models with microglia depletion (Clayton et al., 2021) suggest that microglial
activation is protective. Our study supports a protective effect of microglial activation in, for
the first time, a mouse model without genetic or chemical manipulation of microglia. In

humans, genetic evidence examplified by the large effect of the loss-of-function Trem2
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mutations on AD risk and on microglial function, argues that microglia have a protective
function that lowers the incidence of AD (Hansen et al., 2018). In non-genetic cases of AD,
some studies (Streit et al., 2009), but not all (Perez-Nievas et al., 2013), also outlined the

potential protective function of microglia.

One unexpected finding of our study is the weak association between synaptic changes and
amyloid plaques. This does not rule out the well-described link between synaptic alterations
and AP (Selkoe, 2002; Sivanesan et al., 2013). In our experiments, we studied AP plaque-
bearing mice and it is possible that AB-related impairments of synaptic function occurred in

all experimental groups.

Relationships between cognitive impairments and Alzheimer pathology were also assessed in
our study. Cognitive alterations at 8 mpi were correlated with synaptic defects in the
hippocampus. They were also associated with the severity of amyloid and tau pathologies
(overall tau pathology, neuritic plague counts, AT8-positive area stained within neuritic
plaques, neuropil threads, and NFTs) in the hippocampus, with these tau lesions in the
perirhinal/entorhinal cortex as well as with lower lbal-positive microglial load in the
hippocampus and perirhinal/entorhinal cortex. This analysis underlines the potential role of
amyloid and parameters linked to synaptic changes (tau/microgliosis) in cognitive

impairments.

In our study, although synaptic and cognitive differences were found between rpAD and clAD
animals, we did not detect rpAD/clAD group differences for amyloid, tau or microgliosis. One
possible explanation supported by our results is that synaptic and cognitive impairments
resulted from multifactorial and interacting causes and that small differences below the
significance threshold for several factors (e.g. tau, microgliosis, amyloid) might entail dramatic
changes in synapse integrity and cognition. Another possibility, that we cannot rule out, is that
a biological parameter that was not detected by our experiments had a major contribution to
the differences between rpAD and clAD animals. Neuroinflammatory factors such as Clq, C3
or IL-33 modulate synapse density by altering their formation and elimination (Dejanovic et
al., 2018; Litvinchuk et al., 2018; Wilton et al., 2019; Wang et al., 2021). Although we did not
attempt here to characterize the cytokinic profiles of our inocula, we cannot rule out that they
contained distinct concentrations or panels of pro- and anti-inflammatory cytokines that may

have influenced synapse integrity.
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The intracerebral inoculation of human brain extracts in mice was shown to provide
pathologically relevant AD models. Indeed, injection of either AD brain homogenates
(Condello et al., 2015) or highly aggregated human wild-type tau from sarkosyl-insoluble AD
brain extracts (Audouard et al., 2016; Guo et al., 2016) can induce tau aggregates in wild-type
mice. Moreover, mice with high AR production inoculated with sarkosyl-insoluble brain
extracts from AD brains display both amyloid and tau pathologies. For the first time here, we
used a strategy based on the inoculation of crude AD brain homogenates into mice with high
AB production to induce tau lesions, amyloid plaques and downstream events including
synaptic loss and cognitive impairments. Altogether, this model will be helpful to assess
interactions between AD core lesions and neurodegenerative processes, as well as to evaluate

new therapies targeting multiple AD hallmarks.

As a conclusion, we showed that tau-positive neuritic plaques, but not other tau lesions, can
occur in old non-inoculated AB plaque—bearing mice or in mice inoculated with Ctrl brain
extracts. We also showed that intracerebral injection of human AD brain extracts into an AB
plague—bearing mouse model that does not overexpress tau can recapitulate amyloid and tau
lesions (Supplementary Table 2). AD brain extract inoculation increased tau pathology within
neuritic plaques, and induced neuropil threads and NFTs that spread in the brain. Inoculation
of different human AD brain extracts led to different levels of synaptic loss and cognitive
impairments. Synaptic loss was associated with the severity of tau lesions which highlights the
contribution of tau to synaptic pathology in a model that does not rely on the genetic
manipulation of tau protein. Synaptic defects were also associated with lower microglial load
in a model that does not rely on drastic genetic or chemical-based reduction of microglia. This
indicates that microglial activity may protect against synaptic loss. Cognitive defects were
associated with synaptic impairments, with tau lesions and also with amyloid deposition.
Altogether these results highlight the multifactorial origin of cognitive impairments. Finally,
the finding that microglial activity may protect against synaptic loss may have potential
applications and supports further studies to assess the effect of anti-inflammatory therapies

in subjects at risk for Alzheimer’s disease.
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Figure 1. Object recognition deficits and synaptotoxicity in the rpAD-inoculated mice.
Object recognition performances were evaluated at 8 mpi in a V-maze. WT mice and
APPgwe/PS14es mice inoculated with Ctrl, clAD or rpAD brain extracts had comparable
exploratory activity, as suggested by the time spent on exploring the objects (A, p>0.05;
Kruskal-Wallis with Dunn’s multiple comparisons) and the distance moved throughout the
3-day test (B, for the days: F(1.75,89.47) = 91.97, p<0.0001; for the groups: F(3,s1) = 0.89, p=0.45;
two-way repeated measures ANOVA with the Geisser-Greenhouse correction and Dunnett’s
multiple comparisons). During the novel object recognition evaluation, rpAD-inoculated
mice spent less time exploring the novel object, as suggested by a lower discrimination
index, compared to WT and APPswe/PS14e9 clAD or Ctrl-inoculated mice (C, respectively,
p=0.0018, 0.0082 and 0.0007; Kruskal-Wallis with Dunn’s multiple comparisons). (D-E)
Quantification of Bassoon and Homer colocalization revealed a decrease in synaptic density
in rpAD mice in the CA1 (D, respectively p=0.0011 and 0.037; Kruskal-Wallis with Dunn’s
multiple comparisons) and perirhinal/entorhinal cortex (E, respectively p=0.001 and 0.13;
Kruskal-Wallis with Dunn’s multiple comparisons), compared to Ctrl and/or clAD-inoculated
mice at 8 mpi. V-maze cognitive scores (discrimination index) were correlated with synaptic
defects in the CA1 (F, rspearman-hip=0.35, p=0.02) but not in the perirhinal/entorhinal cortex
(G, rspearman-p/ec=0.27, p=0.29). ncti=15, Ncap=15, Nrpap=20, nwr=12 mice. *p<0.05; **p<0.01

***¥p<0.001; Data are shown as mean + s.e.m.
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Figure 2. AD brain inoculation accelerates amyloidosis in APPswe/PS14e9 mice close to the
injection site. (A-F) Representative images of 4G8 immunolabelling showing amyloid
pathology in the hippocampus (A-C) and alveus (D-F) of APPswe/PS14e9 mice eight months
after human brain inoculation. (G-H) Quantification of amyloid load (4G8-positive amyloid
plagques per 100 um?) revealed that AD (clAD and rpAD) brain inoculation accelerates
amyloid deposition in the hippocampus (G, p=0.0005 and p<0.0001, respectively) and alveus
(H, p<0.0001 and p<0.0001, respectively). Kruskal-Wallis with Dunn’s multiple comparisons.
**%¥p<0.001; ****p<0.0001. nciri=15, ncap=15, nrpao=20 mice. Data are shown as mean +

s.e.m. Scale bars = 100 um.
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Figure 3. AD brain inoculation induces tau pathology in APPswe/PS14es mice close to the
injection site at 8 mpi. AT8 immunolabelling revealed tau lesions in the forms of neuritic
plagues (A), neuropil threads (B), neurofibrillary tangles (C-F). Representative images of
AT8-positive neuritic plaques within the hippocampus of Ctrl- (G) and AD-inoculated (H for
clAD, | for rpAD) mice. AT8 immunolabelling of non-inoculated aged APPswe/PS14e9 mice (24
months old) also revealed neuritic plaques (J). Quantification revealed similar neuritic
plaque counts (NPs per 100 um? of area) in all groups (K). The AT8-positive area within
neuritic plaques (NP %area) was higher in AD-inoculated groups compared to Ctrl animals
suggesting that neuritic plaques were more tau-positive in AD groups (L, p=0.001 and
p<0.0001, respectively for clAD and rpAD mice, Kruskal-Wallis with Dunn’s multiple
comparisons). (M-R) Representative images of AT8 immunolabelling showing tau pathology
induction in the dorsal hippocampus (M-0) and alveus (P-R). Quantification of overall AT8-
labelled phospho-tau (percentage of AT8-positive area), neuropil thread (NT) scoring and/or
NFTs accumulation (AT8-positive NFTs per 100 um? of area) in the hippocampus (S, U, W. S:
p=0.001 and p<0.0001. U: p=0.0005 and p<0.0001. W: p=0.001 and p<0.0001, respectively
for clAD and rpAD mice; Kruskal-Wallis with Dunn’s multiple comparisons) and alveus (T, V.
T: p=0.0035 and p<0.0001. V: p=0.0036 and p<0.0001, respectively for clAD and rpAD mice;
Kruskal-Wallis with Dunn’s multiple comparisons) showed an increase in tau pathology
following clAD and rpAD brain inoculation compared to Ctrl brain. *p<0.05; **p<0.01;
***p<0.001; ****p<0.0001 (Kruskal-Wallis with Dunn’s multiple comparisons test). nctr=15,
Naap=15, Nrpap=20 mice. Data are shown as mean + s.e.m. Scale bars = 20 um (A-J and

inserts), 500 um (M-0) and 100 um (P-R).
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Figure 4. AB and tau pathologies in the perirhinal/entorhinal cortex following AD brain
inoculation in APPswe/PS14e9 mice. Representative images of the 4G8 immunolabelling
showing amyloid pathology (A) and the AT8 immunolabelling showing tau pathology (B) in
AD-inoculated APPswe/PS14eg mice. Magnified views of amyloid (C-E) and tau (F-H) lesions in
the perirhinal/entorhinal cortex. Quantification of amyloid load (I: p>0.05), overall AT8-
positive tau lesions (J: p=0.0007 and p=0.0002, respectively for clAD and rpAD mice),
neuritic plaque (NPs) count (K: p=0.038 for rpAD animals versus Ctrl), AT8-positive area
stained within neuritic plaques (L: p=0.0034 and p<0.0001, respectively for clAD and rpAD
mice), neuropil thread (NTs — M: p=0.0003 and p=0.0002, respectively for clAD and rpAD
mice), and NFTs (N: p=0.005 and p<0.0001, respectively for clAD and rpAD mice) in the
perirhinal/entorhinal cortex. Kruskal-Wallis with Dunn’s multiple comparisons test.
**%p<0.001; ****p<0.0001. nctri=15, naap=15, npap=20 mice. Data are shown as mean +

s.e.m. Scale bars = 500 um (A-B), 100 um (C-H) and 20 um in inserts.
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Figure 5. Microglial activation in AD- and Ctrl-inoculated APPswe/PS14e9 mice. Similar levels
of Ibal (A, B) and CD68 (C, D) stained areas in the hippocampus or perirhinal/entorhinal
cortex of clAD, rpAD and Ctrl animals (Kruskal-Wallis test). Ibal-positive microglial load
surrounding amyloid plaques was also similar in the different groups in both regions (E-F,
Kruskal-Wallis test). nctri=15, nciap=15, nrpap=20 mice. Within each group, animals with high
and low Ibal staining were identified. Representative images of one animal with higher Ibal
levels showing abundant staining in the hippocampus (G) and perirhinal/entorhinal cortex
(H). Animals with higher Ibal levels displayed activated microglia characterized by beading
with spheroidal swellings of the processes and enlarged cell body with dystrophic
ramifications (I, arrows). These activated cells formed microglial clusters surrounding AB
plaques (J). Animals with lower Ibal levels (K-L) displayed more cells with a highly ramified
profile close to amyloid plagues (M) or far from plaques (N), consistent with a non-activated
phenotype. (O-P) Representative images of one animal with higher (O) or lower (P) CD68
staining in the hippocampus. (Q-R) Some clusters of CD68-stained microglia (arrows)
surrounded amyloid deposits (*) (Q) while some others were not associated with amyloid

deposits (R).
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Figure 6. Correlations between synaptic density and tau lesions, AB plaque load or

microglial activity. Synaptic density (Bassoon/Homer-positive puncta) was negatively
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correlated with tau pathology both in the hippocampus (CA1) (A) and the
perirhinal/entorhinal cortex (E-1), but not with amyloid pathology (B, J). Interestingly,
synaptic density was positively correlated with microglial Ibal labelling in the hippocampus
(C) as well as in the perirhinal/entorhinal cortex (K). Microglial CD68 labelling in the
perirhinal/entorhinal cortex (L), but not in the hippocampus (D) was correlated to synaptic
density. Spearman’s correlations with significance level at p<0.05. nciri=15, ncap=15,

Nrpap=20 mice.
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Figure 7. Correlations between V-maze cognitive scores and tau lesions. V-maze cognitive

scores (discrimination index) were negatively correlated with tau pathology both in the
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hippocampus and the perirhinal/entorhinal cortex. (A-B) Overall AT8-positive tau lesions.
(C-D) AT8-positive area stained within neuritic plaques. (E-F) Neuropil threads (NT). (G-H)
Neurofibrillary tangles (NFTs). Spearman’s correlations with significance level at p<0.05.

Nctri=15, Ncap=15, Nrpap=20 mice.
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Figure 8. Correlations between V-maze cognitive scores and amyloid or microgliosis. V-
maze cognitive scores (discrimination index) were correlated with amyloid pathology in the
hippocampus (A) but not in the perirhinal/entorhinal cortex (B). Microglial Ibal-positive
staining was positively correlated with cognitive scores in both regions (C-D). Microglial
CD68-positive staining was however not correlated with cognitive scores in either region (E-
F). Spearman’s correlations with significance level at p<0.05. nct=15, Nagap=15, Nrpap=20

mice.
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SUPPLEMENTARY METHODS

1. Immunohistochemistry of human brain samples

All brain tissues were assessed by immunohistochemistry, as previously described in Gary et
al. 2019 (Gary et al., 2019). Briefly, 4-um-thick paraffin sections were cut, deparaffinized in
xylene, successively rehydrated in ethanol (100, 90, and 70%) and rinsed under running tap
water for 10 min before immunohistological staining. They were then incubated in 99% formic
acid for 5 min, quenched for endogenous peroxidase with 3% hydrogen peroxide and 20%
methanol, and washed in water. Sections were blocked at room temperature (RT) for 30 min
in 4% bovine serum albumin (BSA) in 0.05 M tris-buffered saline, with 0.05% Tween 20, pH 8
(TBS-Tween, Sigma). They were then incubated overnight at +4 °C with the 6F3D anti-AB
antibody (Dako, 1/200), polyclonal anti-tau antibody (Dako, 1/500), monoclonal anti-alpha-
synuclein (LB509, Zymed, 1/250), polyclonal anti-TDP43 (Protein Tech Group, 1/1000)
routinely used for B-amyloid, tau, alpha-synuclein and TDP43 detection, respectively. Sections
were further incubated with a biotinylated secondary antibody for 25min at room
temperature, and the presence of the secondary antibody was revealed by a streptavidin—
horseradish peroxidase conjugate using diaminobenzidine (Dako, Glostrup, Denmark). Sliced

were counterstained with Harris hematoxylin.

2 Characterization of human brain homogenates

Brain homogenates were prepared by combining brain extracts from different patients. clAD
and rpAD homogenates consisted in a combination of four brain extracts from the patients
with clAD and rpAD, respectively. A third homogenate, considered as a control, was prepared
from non-demented individuals (Ctrl, n=2 subjects). These brain homogenates were

characterized by biochemistry.

2.1. ELISA quantifications

For amyloid protein quantification, all assay-specific material (pre-coated microtiter plate,
buffers, antibodies, standard solutions) was provided in the V-PLEX kit AR Peptide Panel 1
(6E10) (MSD®). Human brain homogenates were diluted to 1/5 (Ctrl samples) or 1/10 (clAD
and rpAD samples) in the dilution buffer. As described in the manufacturer's protocol, the

microtiter plate was blocked for 1 hour at RT with the appropriate buffer. After washing, 25ul
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of detection antibody and 25ul of diluted sample or standard were added in duplicate to the
wells and incubated under continuous agitation for 2h at RT. Wells were washed and 150ul of
reading buffer was added. Plate reading was performed with the MSD Sector Imager 2400
(model 1200) multiplex assay system. AB1-3s, AB1-a0 and AB1-42 quantifications were performed

with the Discovery Workbench 4.0 MSD® software.

Tau protein quantifications (total tau (InVitrogen KHB0041) and phosphot-taul81 (InVitrogen
KHB00631)) were performed according to the manufacturer’s protocol. Briefly, brain
homogenates were diluted to 1/100 and 1/200 in the provided dilution buffer. 50ul of
standards or samples, as well as 50l of detection antibody solution were added to wells and
incubated for 14 hours at +4°C. After washing, 100ul of 1X anti-rabbit IgG HRP solution was
added for a 30 min incubation period at RT. 100ul of stabilized chromogen were then added
to each well for 30 min at RT, in the dark. The reaction was stopped by adding 100ul of Stop
solution and the plate was read at 450 nm within the hour. Data were analyzed with GraphPad

Prism 7 using the 4PL method. All samples were tested in duplicates.

2.2. Western blots
For tau protein extraction, brain homogenates were sonicated on ice for 5 min, centrifuged
for 5 min at 3,000g at +4 °C, diluted in 20 mM Tris/2% SDS and sonicated on ice for 5 min. For
tau characterization, samples were diluted to 1 pg/uL, diluted in 2X lithium dodecyl sulfate
(LDS, Thermo Fisher Scientific) buffer with reducers and heated at +100 °C for 10 min. 15 ug
of samples were loaded on a 12% Bis-TrisCriterion™ gel (Bio-Rad) and migrated in MOPS
buffer for 1 hour at 165 V on ice. After protein transfer on nitrocellulose sheets, migration and
transfer quality were checked with a ponceau S staining. The membrane was saturated for 1
hour at RT, and was then incubated with the AT100 (pT212-pS214, Life technologies MN1060),
2H9 (pS422, 4BioDx 4BDX-1501), tau-Nter (12-21, LB lab-made) or tau-Cter (clone 9F6, LB lab-
made) antibodies overnight at +4 °C. A peroxidase coupled secondary anti-rabbit or anti-
mouse antibody was then applied for 45 min at RT. Immunoblotting was revealed by ECL.
GAPDH (Sigma 9545) was used as a loading control. Operators were blinded to the status of

the patients.

For Ibal and GFAP protein extractions, brain homogenates were sonicated (6 strokes, cycle
0.5, 30% amplitude) in a lysis buffer at a final concentration of 50mM Tris-HCl pH 7.4, 150 mM
NaCl, 1% Triton-X-100 supplemented with 1X protease inhibitors (cOmplete™ Mini, EDTA-free
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Protease Inhibitor Cocktail, Roche) and 1/100 diluted phosphatase inhibitors (Phosphatase
Inhibitor Cocktail 2, Sigma-Aldrich). Samples were centrifuged at 20,000g for 20 minutes at
+4°C and the supernatant was collected for further use. Extracted samples were stored at -
80°C after evaluation of total protein concentration by a BCA assay (Pierce™). Extracted
samples were denatured at +90°C for 5 min in a buffer containing 1X LDS (NuPAGE® LDS
sample buffer, Invitrogen) and DTT 1X (NuPAGE® sample reducing agent, Invitrogen). 10 pg of
denatured proteins were loaded per well. Samples and the molecular weight marker (Bio-Rad
Precision Plus Protein™ Dual Color standards) were loaded on a 4-20% Criterion™ TGX™ gel
(Bio-Rad) and migration was performed in a 1X tris-glycine buffer (Bio-Rad) at 120V for 1 hour.
Proteins were then transferred to a nitrocellulose membrane using the Trans-Blot® Turbo™
(Biorad) system. Migration and transfer quality were checked with a ponceau S staining. The
membrane was then blocked with a TBS/0.1%Tween, 5% milk solution for 1 hour at RT, and
incubated with the primary antibody lbal (Wako 1919741, 1/2000), GFAP (Dako Z0334,
1/5000) or actin (Sigma A2066, 1/5000) diluted in saturation buffer overnight at +4°C. After
washing in TBS/0.1% Tween solution, the membrane was incubated with the appropriate
secondary HRP-conjugate antibody diluted to 1/5000 in TBS/0.1%Tween for 1h at RT. The
chemiluminescent signal was revealed using the Clarity western ECL (Bio-Rad) kit and the
Chemidoc™ MP (Bio-Rad) imaging system. Protein band intensities were quantified on the

Imagel software and normalized by actin expression levels.

3 Stereotaxic surgery
Two month-old APPswe/PS1l4ee and wild-type littermates were anesthetized by an
intraperitoneal injection of ketamine (1mg/10g; Imalgéne 1000, Merial) and xylazine
(0.1mg/10g; 2% Rompun, Bayer Healthcare). Local anesthesia was also performed by a
subcutaneous injection of lidocaine at the incision site (1 pl/g; 0.5% Xylovet, Ceva). Mice were
placed in the stereotaxic frame (Phymep) and bilateral injections of brain samples were
performed in the dorsal hippocampus (AP -2 mm, DV -2 mm, L +/- 1 mm from bregma). Using
34-gauge needles and Hamilton syringes, 2ul of sample were administered at a 0.2ul/min rate.
After the injection, needles were kept in place for 5 more minutes before removal and the
incision was sutured. The surgical area was cleaned before and after the procedure using
povidone iodine (Vétédine, Vétoquinol). Respiration rate was monitored and body

temperature was maintained at 37+0.5°C with a heating pad during the surgery. Anesthesia
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was reversed with a subcutaneous injection of atipamezole (0.25 mg/kg; Antisedan,
Vetoquinol). Mice were placed in a ventilated heating box (25°C) and monitored until full
recovery from anesthesia. Postoperative pain management consisted in paracetamol

administration in drinking water (1.45ml/20ml of water; Doliprane, Sanofi) during 48 hours.

4 Behavioral evaluations

Mice were studied using an elevated plus maze, a novel object recognition task in a V-maze,
and a Morris water maze. Between each mice, the elevated plus maze and V-maze were
cleaned with 10% ethanol and dried. Performances were recorded using a tracking software

(EthoVision XT14, Noldus).

4.1. Elevated plus maze

The elevated plus maze is a plus-shaped apparatus placed at 50 cm above the floor. It consists
in four 5 cm-wide and 40 cm-long segments, among which two are open arms (associated with
a 150 lux-lighting) and two are enclosed arms (associated with a 15 lux-lighting). Mice were
placed at the center of the maze facing an open arm for a 6-min trial. Distance travelled and
time spent in each arm were automatically calculated by the software. The time spent leaning

over the edge of open arms was scored manually.

4.2. Novel object recognition in the V-maze

The V-maze arena consisted in two 6 cm-wide, 33.5 cm-long and 15 cm-high black arms
forming a V shape and exposed to a 50 lux-lighting. The test was divided into three phases,
each one separated by 24 hours. At the beginning of each session, mice were placed at the
center of the arena, i.e. at the intersection of the arms. During the habituation phase (day 1),
mice were free to explore the empty arena for 9 minutes. The distance travelled was
automatically recorded as an indicator of their exploratory activity. For the training phase (day
2), two identical objects (bicolor plastic balls) were placed at the end of each arm. Exploratory
activity was evaluated as the time spent exploring the objects (manually recorded) and the
distance travelled during the 9-minute trial. On the test day (day 3), one familiar object (a
bicolor plastic ball) was replaced by a novel one of a different shape and material (a
transparent glass flask). Recognition was assessed using a discrimination index, calculated as

follows:
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Discrimination index

_ Time exploring the novel object — Time exploring the familiar object

Total exploration time

It reflects the time spent exploring each object, and therefore, the ability to discriminate a
novel object from a familiar, previously explored one. A high discrimination index score reveals
that mice spent more time exploring the new object, i.e. had less interest in a familiar object,

and suggests that their memory is not impaired.

4.3. Morris water maze

An open 122 cm-wide circular swimming arena was maintained at 22°C and exposed to a 400
lux-lighting. The test consisted of three phases during which the arena was divided into four
artificial quadrants. At the end of each session, mice were dried with a heated towel before
returning to their home cages. During the habituation phase (day 1), mice were trained to find
a visible platform to escape from the water. To facilitate its detection, the platform was
emerged 0.5 cm above the surface of the water and a colorful cue was placed on it. This phase
consisted in four 60-seconds trials, with an inter-trial interval (ITl) of 20-30 minutes. For each
trial, the starting point was different as well as the location of the platform. When the mice
did not find the platform within the 60 seconds, they were guided to its location and were left
on the plateform to rest for 30 seconds. The training phase (day 2 to 6) consisted in three daily
60-seconds trials, with 20-30 minutes ITIl, for five days. For each trial, the starting point was
different whereas the location of the platform remained the same. The platform was hidden
0.5 cm beneath the water surface and the cue previously placed on it was removed. Visual
cues were placed around the maze so that mice could spatially navigate to the platform. When
the mice did not find the platform within the 60 seconds, they were guided to its location and
were left on the platform to rest for 30 seconds. All trials lasted 60 seconds or until the animal
located the platform. Escape latency, i.e. the time required to find the platform, was evaluated
during the habituation and the training phases to assess learning abilities. A probe test (day
7) was performed 72 hours after the last training session to assess spatial long-term memory.
During this phase, the platform was removed from the maze. Mice were placed in the water
for 60 seconds from a position opposite to the platform. The time spent in each virtual

guadrant of the maze was recorded.
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5 Immunohistochemistry for amyloid, tau, microgliosis, and astrogliosis

Amyloid deposits were evaluated using a 4G8 labelling. Tau was evaluated using AT8 and
AT100 labellings. Microgliosis was evaluated using Ibal and CD68 antibodies. Astrocytes were
stained using a GFAP antibody. 4G8 labelling was performed after pretreating brain sections
with 70% formic acid (VWR®) for 20 min at RT. AT8 and AT100 labellings were performed after
a pretreatment with EDTA 1X citrate (Diagnostic BioSystems®) for 30 min at 95°C. All tissues
were then incubated in hydrogen peroxide H,0, 30% (Sigma-Aldrich®) diluted 1/100 for 20
min to inhibit endogenous peroxidases. Blocking of non-specific antigenic sites was achieved
over 1 hour using a 0.2% Triton X-100/0.1M PBS (Sigma-Aldrich®) (PBST) solution containing
4.5% normal goat serum or 5% bovine serum albumin. Sections were then incubated at +4°C
with the 4G8 (Biolegend 800706, 1/500), lbal (Wako 1919741, 1/1000), CD68 (Serotec —
Biorad MCA 1957, 1/800) or GFAP (Dako Z0334, 1/10000) antibody diluted in a 3%NGS/PBST
solution for 48h, or with the AT8 (Thermo MN1020B, 1/500) or AT100 (Thermo MN1060,
1/500) antibody diluted in a 3%NGS/PBST solution for 96h. After rinsing, an incubation with
the appropriate biotinylated secondary antibody diluted to 1/1000 in PBST was performed for
1h at RT, followed by a 1h incubation at room temperature with a 1:250 dilution of an avidin-
biotin complex solution (ABC Vectastain kit, Vector Laboratories®). Revelation was performed
using the DAB Peroxidase Substrate Kit (DAB SK4100 kit, Vector Laboratories®). Sections were
mounted on Superfrost Plus slides (Thermo-Scientific®). For the AT8 and AT100 labellings, a
cresyl violet counterstain was performed. All sections were then dehydrated in successive
baths of ethanol at 50°, 70°, 96° and 100° and in xylene. Slides were mounted with the Eukitt®

mounting medium (Chem-Lab®).

Stained sections were scanned using an Axio Scan.Z1 (Zeiss® - Z-stack images acquired at 20x
(z-stacks with 16 planes, 1um steps with extended depth of focus)). Each slice was extracted
individually in the .czi format using the Zen 2.0 (Zeiss®) software. Image processing and
analysis were performed with the Image) software. Macros were developed for each staining
in order to achieve a reproducible semi-automated quantification. Images were imported with
a 50% reduction in resolution (0.44 um/pixel), converted to the RGB format and compressed
in .Tif format. For the 4G8, Ibal and CD68 immunostainings, segmentation was performed
through an automatic local thresholding using the Phansalkar method (radius=15). Amyloid

load was evaluated after quantification of the 4G8-labelled particles between 8 and 2,000
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um?, and normalization to the surface area of each ROI. Microglial activity was evaluated as a
percentage of Ibal- or CD68-positive surface area in each ROI. For the AT8 and AT100
stainings, the blue component of each image was extracted in order to remove the cresyl
violet counter-staining from the analysis. An automatic local thresholding of the staining was
carried out with the Phansalkar method and the severity of tau pathology was evaluated as a
percentage of AT8-positive or AT100-positive surface area in each ROI. In addition for the AT8
immunostaining, a quantification of neuritic plaques and AD-like neurofibrillary tangles was
performed by manual counting. The AT8-positive area stained within neuritic plaques was
evaluated by drawing circular regions of interest (with a constant area of 6um?), and by
guantifying the percentage of tau-positive regions within each ROI, using the same
thresholding method as previously described. A semi-quantitative analysis of neuropil threads
was also performed by assigning a severity score based on the intensity and extent of AT8-
positive staining in each ROI. All quantifications were performed on adjacent slices between -
0.34 mm and -4.36 mm from bregma. Ten adjacent slices were analyzed for the 4G8 staining,
and 5 for Ibal, CD68, ATS8, and AT100 stainings. All ROls were manually segmented using the

Paxinos and Franklin Neuro-Anatomical Atlas of Mouse Brain (Paxinos and Franklin, 2001).

6. Gallyas silver staining

Free-floating sections were mounted on Superfrost Plus (Thermo-Scientific®) slides and dried
overnight prior to Gallyas staining. Section were permeabilized by successive incubations in
toluene (2x5min) followed by ethanol at 100°, 90° and 70° (2 min per solution). Slides were
then incubated in a 0.25% potassium permanganate solution for 15 min, in 2% oxalic acid for
2 min then in a lanthanum nitrate solution (0.04g/| lanthanum nitrate, 0.2g/l sodium acetate,
10% H202 30%) for 1h to reduce non-specific background. Several rinses with distilled water
were performed followed by an incubation in an alkaline silver iodide solution (3.5% AgNO3
1%, 40g/I NaOH, 100g/I KlI) for 2 min. The reaction was neutralized with 0.5% glacial acetic acid
baths (3x1min) and sections were incubated for 20 min in a developing solution (2g/| NH4NO3,
2g/1 AgNO3, 10g/I tungstosilicilic acid, 0.76% formaldehyde 37%, 50g/I anhydrous Na2CO3).
Several rinses with 0.5% acetic acid (3x1min) followed by an incubation in 1% gold chloride
solution for 5min were then carried out. Sections were rinsed with distilled water and the
staining was fixed with a 1% sodium thiosulfate solution. All sections were then rinsed with

distilled water and dehydrated for 1 to 5 min in successive baths of ethanol at 50°, 70°, 96°
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and 100° and in xylene. Slides were mounted with the Eukitt® mounting medium (Chem-Lab®).

All steps were performed between 20 and 25°C.

7. Co-staining of microglia and amyloid plaques

In order to evaluated microglial load surrounding amyloid plaques, the co-staining of microglia
and amyloid plaques was performed. Free-floating sections were permeabilized in a 0.2%
Triton X-100/0.1M PBS (Sigma-Aldrich®) solution for 3x10min. Slices were stained by MX04
dye (Tocris #4920, 1/300) for 30 min at RT, and then washed in a 0.1M PBS solution. Sections
were blocked in a 4.5%NGS/PBST solution for 1h at RT before being incubated with the Ibal
antibody (Wako 1919741, 1/1000). On the next day, sections were rinsed in 0.1M PBS and
incubated for 1h at RT with the appropriate secondary antibody diluted to 1/1000 in PBST
(anti-rabbit AlexaFluor 633). Sections were rinsed and mounted on Superfrost Plus (Thermo-
Scientific®) slides with the Vectashield® mounting medium with a refractive index of 1.45.
Images of stained sections were acquired using a Leica DMI6000 confocal optical microscope
(TCS SPE) with a 40x oil-immersion objective (refractive index 1.518) and the Leica Las X
software. A confocal zoom of 3 and a pinhole aperture fixed at 1 Airy were applied. Acquisition
was performed in sequential mode with a sampling rate of 1024x1024 and a scanning speed
of 700 Hz. Image resolution was 60 nm/pixel and the optical section was 0.896 um. 12 separate
planes with a 0.1 um step were acquired. The excitation wavelengths were 633 nm (for Ibal)
or 350 nm (for AB). Image acquisition was performed on 2 slices located between -3.28 mm
and -4.24 mm from the bregma, with 3 images per slice for the CA1 region and for the
perirhinal/entorhinal cortex. 3D deconvolution of the images was performed using the
AutoQuant X3 software. The deconvoluted 8-bit images were analyzed using the Image)
software. Quantification of microglial load around plaques was based on a thresholding
procedure applied across all images to segment microglial cells. MXO4-positive surfaces were
dilated as circular regions of interest (with a diameter of 40 um) were drawn around the
amyloid plaque to define a dilated plaque area. Microglial staining within the dilated surface,

e.g. within the plaque area, was included in the analysis.
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SUPPLEMENTARY TABLES

Patient Neuropathology
Diseasa Post mortem a- Hippocampal
ID Age Gender progression Braak stage Thal stage CAA A TDP43 e b PrPSc
delay (hours) synuclein sclerosis

(months)
Ctrll 66 M = 26 Il 0 0 0 o 0 (0]
Ctrl2 76 M ? I 0 0 0 0 0 0
clAD1 79 F 78 48.6 vV 5 Type2 + 0 0 0 0
claD2 87 F 72 29 V-V 4 Typel +++ 0 0 0 0
claD3 89 F 96 30.6 v 5 Typel 0 0 0 0
claAD4 71 M 66 54 Vi 4 Type2+ Amygdala 0 0 0
rpAD1 84 F 6 79 v 4 Type2 0 0 0 0
rpAD2 81 F 36 ? v 5 Typel 0 0 0 0
rpAD3 81 F 36 26 Vi 4 0 0 0 0 0
rpAD4 86 F 36 20.5 v 4 Type2 0 0 0 0

Supplementary Table 1. Patient characteristics. Age-matched classical (clAD) and rapidly

evolving (rpAD) AD patients were selected based on disease duration (over or under 36

months) and neuropathological evaluation, including similar Braak and Thal stages. Brains

were negative for a-synuclein, TAR DNA-binding protein 43 (TDP43), hippocampal sclerosis

and pathological prion PrPSc. Two non-AD control individuals (Ctrl) were also included in

this study.
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old APPswe/PS1ded

Ctrl-Inoculated

clAD-inoculated rpAD-Inoculatec

(1) Amyloid plaques

+

+

(2) Neuritic plaques {plaque count)

Detected (not quantified)

(3) Neuritic plagues (Tau positivity within plagues)

(4) Neuropil threads and NFTs

+
+
0

(5) Tau spreading

(6) Synatic loss compared to Ctrl inoculated

(6-1) Factors associated with synaptic loss

- Tau pathology

- Reduction of microglial load

(7) Cognitive impairments compared to Ctrl inoculated

0 [ =

(7-1) Factors associated with cognitive impairments

- Synaptic loss
- Amyloid load
- Tau pathology

- Reduction of microglial load

Supplementary Table 2. Overview of the results of this study. The study focused on AB

plaque-bearing APPswe/PS14eg mice (1). Old mice and mice inoculated with Ctrl-human brain

extract presented with tau-positive neuritic plaques (2). Inoculation of AD-brain extracts

increased tau positivity within neuritic plaques (3) and induced neuropil threads and NFTs

in inoculated mice (4). Tau lesions spread in regions connected to the inoculation site (5).

Synaptic (6) and cognitive impairments (7) were detected in animals inoculated with brains

from patients with a rapidly evolving form of AD (rpAD). Synaptic loss was associated with

tau pathologies and a reduction of activated microglial load (6-1). Cognitive impairments

were associated with synaptic loss, with amyloid and tau loads, and to a lesser extent with

a reduction of activated microglial load (7-1).
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SUPPLEMENTARY FIGURES

Ctrl

Supplementary Figure 1. Amyloid and tau pathological evaluations in human brain
samples. Representative images of Ctrl, clAD and rpAD brain samples stained for amyloid

(A-C, 6F3D anti-AB antibody) and tau (D-F, polyclonal anti-tau antibody) pathologies. Scale
bars = 100 um.
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Supplementary Figure 2. Biological characteristics of brain homogenates inoculated to
animals. Three brain homogenates were prepared from the 2 Ctrl, 4 clAD and 4 rpAD cases
(Ctrl, clAD and rpAD homogenates respectively). All quantifications of the inoculated brain
homogenates (Ctrl, clAD or rpAD) were performed in duplicate and data are shown as
mean * standard deviation of the replicates. (A-C) Quantifications of total ABss, ABaoand
ABa42 of the inoculated brain extracts (MSD technology). Both AD inocula had more AB
proteins compared to the Ctrl one. The clAD inoculum showed more ABss and ABao than

the rpAD one. (D-F) Tau profile evaluation revealed a pathological hyperphosphorylated
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tau triplet at 60, 64 and 69 kDa observed in AD and a typical shift in the molecular weight
of the Alzheimer Tau-Cter triplet in western blots (D). Total tau (E) and pathological
phospho-tau 181 levels (F) were assessed using ELISA quantifications. (G-I)
Neuroinflammatory profile evaluation by western blots revealed higher astrocytic
presence (GFAP-positive) in clAD and rpAD inocula compared to the Ctrl extract (G-H).

Microglial (Ibal-positive) levels were similar in the Ctrl, clAD and rpAD groups (G, I).
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Supplementary Figure 3. Inoculated mice showed similar spatial memory performances
and anxiety levels at 8 mpi. (A-C) Spatial memory was assessed using the Morris water maze
test. During the visible platform phase (A), escape latencies steadily decreased across the
four trials (F(2.649, 135.1) = 36.67, p<0.0001; two-way repeated measures ANOVA with the
Geisser-Greenhouse correction and Dunnett’s multiple comparisons). No difference was
observed between the groups (F(3,51)=1.87, p=0.15; two-way repeated measures ANOVA with
the Geisser-Greenhouse correction and Dunnett’s multiple comparisons). For the hidden
platform training phase (B), escape latencies were averaged across three trials per day and
slowly decreased across the trials and days suggesting that mice had successfully learnt the
platform position (Fz.575, 182.3) = 36.09, p<0.0001; two-way repeated measures ANOVA with
the Geisser-Greenhouse correction and Dunnett’s multiple comparisons). No difference was
observed between the groups suggesting that Ctrl, clAD and rpAD brain inoculations do not
differentially impact spatial learning abilities in APPswe/PS14es mice after an eight-month
incubation period (Fp, 41)=0.85, p=0.88; two-way repeated measures ANOVA with the
Geisser-Greenhouse correction and Dunnett’s multiple comparisons). During the probe test
evaluating spatial memory (C), the time spent in the target quadrant (TQ) was significantly
higher than the time spent in the opposite one (0Q) (*p<0.05 for Ctrl and clAD-inoculated
APPswe/PS14e9 mice or **p<0.01 for WT mice and rpAD-inoculated APPswe/PS14es mice; two-
way repeated measures ANOVA with the Geisser-Greenhouse correction and Dunnett’s
multiple comparisons). Moreover, the time spent both in the TQ and OQ was significantly
different from 15 seconds, which corresponds to 25% of the trial duration (# p<0.05; one-
sample Wilcoxon’s signed-rank test). Spatial memory retention was evaluated after 72 hours.
All groups performed as well as the WT group by spending more time in the target quadrant
than in the opposite one, suggesting that memory is not impaired in APPswe/PS14e9 Ctrl or AD-
inoculated mice (for the groups: F3,s51) = 0.83, p>0.05; for TQ versus OQ: p=0.0028, 0.0217,
0.0117 and 0.0013, respectively for Wt, Ctrl, clAD and rpAD groups; two-way ANOVA with
the Geisser-Greenhouse correction and Dunnett’s multiple comparisons). (D-F) Anxiety levels
were assessed using the elevated plus maze. Comparable travelled distance (D), time spent
leaning over the maze (E) and time spent in the different areas of the maze (open/closed
arms and center of the maze) (F) were reported between the groups (p>0.05; Kruskal-Wallis’

test with Dunn’s multiple comparisons). Data are shown as mean + s.e.m.
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Supplementary Figure 4. Cognitive performance, synaptic density, amyloid and tau loads
evaluations at 4 mpi. (A-C) Object recognition performances were evaluated at 4 mpi using
a V-maze test. WT mice and APPswe/PS14e9 mice inoculated with Ctrl, clAD or rpAD brain
extracts had comparable exploratory activity, as suggested by the time spent on exploring

the objects (A) (p>0.05; Kruskal-Wallis with Dunn’s multiple comparisons) and the distance
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moved throughout the 3-day test (B) (for the days: F(1.89, 49.15) = 152.6, p<0.0001; for the
groups: F, 26) = 0.041, p=0.99; two-way repeated measures ANOVA with the Geisser-
Greenhouse correction and Dunnett’s multiple comparisons). No difference in the novel
object recognition test was reported between the groups, as similar discrimination indexes
were observed (C) (p>0.05; Kruskal-Wallis with Dunn’s multiple comparisons). (D-E)
Quantification of Bassoon and Homer colocalization at 4 mpi did not show any differences
in the CA1 (D) and in the perirhinal/entorhinal cortex (E) between the groups (p>0.05;
Kruskal-Wallis with Dunn’s multiple comparisons). (F-H) Amyloid load quantification at 4
mpi revealed that AD (clAD and rpAD) brain inoculation accelerates amyloid deposition in
the alveus (F) and hippocampus (G), but not the perirhinal/entorhinal cortex (H)
(respectively for clAD and rpAD mice, in the alveus p=0.0008 and 0.0003, in the
hippocampus p<0.0001 and p=0.041, in the perirhinal/entorhinal cortex p>0.05; Kruskal-
Wallis with Dunn’s multiple comparisons). (I-K) AT8-positive tau overall quantification at 4
mpi revealed that AD (clAD and rpAD) brain inoculation induces tau lesions in the alveus ()
and hippocampus (J), but not the perirhinal/entorhinal cortex (K) (respectively for clAD and
rpAD mice, in the alveus p= 0.080 and 0.0006, in the hippocampus p= 0.016 and 0.011, in
the perirhinal/entorhinal cortex p>0.05; Kruskal-Wallis with Dunn’s multiple comparisons).
*p<0.05; ***p<0.001; ****p<0.0001. ncti=11, naap=14, npap=12 mice. Data are shown as

mean * s.e.m.
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Supplementary Figure 5. AT100 and Gallyas-positive lesions next to the inoculation site of
APPsye/PS14e9 mice 8 months after AD brain extracts injection. (A) AT100 staining revealed
NTs (arrowheads) and NFTs (arrow). (B-C) Overall quantification of AT100 labeling showed
increased labeling in the alveus (B) and a trend for increased labeling in the hippocampus
(C) of AD inoculated mice (p=0.0007 and 0.092 respectively, Mann-Whitney test). Gallyas
silver staining revealed neuropil threads (D) as well as amyloid plaques (E) in AD-inoculated

mice. nciri=15, nap=35. Data are shown as mean + s.e.m. Scale bars = 10 um (A, D) and 20

pum (E).
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Supplementary Figure 6. AT8-positive lesions in the visual cortex of APPswe/PS14es mice 8

months after AD brain extract inoculation. AT8 staining revealed NFTs (arrows) surrounded
by neuropil threads, as well as neuritic plagues (arrowheads), in the visual cortex of clAD (A)

and rpAD (B) brain-inoculated mice. Scale bars = 50 um.
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Supplementary Figure 7. AT100- and Gallyas-positive lesions spreading to the
perirhinal/entorhinal cortex of APPswe/PS1l4es mice 8 months after AD brain extract
injection. (A-B) AT100 staining revealed NFTs in the perirhinal/entorhinal cortex. (C) Overall
quantification of AT100 labelling showed increased labelling in the perirhinal/entorhinal
cortex of AD-inoculated mice compared to Ctrl-inoculated ones (p=0.005, Mann-Whitney
test). (D-F) Gallyas silver staining revealed labelled neurons evoking NFTs (E) as well as
amyloid plaques (F). nctr=15, nap=35. Data are shown as mean * s.e.m. Scale bars = 100 um

(A, D) and 20 um (B, E, F).
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Supplementary Figure 9. Astrocytic coverage was similar in the hippocampus and

perirhinal/entorhinal cortex of AD- and Ctrl-inoculated APPswe/PS14es mice at 8 mpi. GFAP
staining revealed similar astrocytic loads in the hippocampus (A, C-E) and
perirhinal/enthorhinal cortex (B, F-H) of Ctrl, clAD and rpAD-inoculated APPswe/PS14eo mice
at 8 mpi. nciri=15, nap=15, nrpap=20 mice. Data are shown as mean * s.e.m. Scale bars = 200

um.
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1. Relationships between cognitive, synaptic and neuropathological changes in AD brain-
inoculated mice

1.3. Complementary data

1.3.1. Distinct neuroanatomical pathways are affected by tau pathology
following AD brain extracts inoculation

In our study, rpAD brain-inoculated mice displayed novel object recognition deficits but
preserved spatial memory functions, compared with control and clAD-inoculated mice. To
further apprehend these differential alterations of cognitive functions, tau pathology was
evaluated in areas of the CA1, dentate gyrus and entorhinal cortex either involved in context-
free memory (e.g. novel object recognition) or in context-rich memory (e.g. spatial memory).
Indeed, entorhinal projections to the hippocampus exhibit a striking organization pattern as:
- The context-free memory pathway is associated with the perirhinal cortex and lateral
entorhinal axons that project to the distal part of CA1 and to the septal part of the
dentate gyrus (Figure 44A);
- The context-rich memory pathway is associated with the postrhinal cortex and medial
entorhinal axons that terminate in the proximal part of CAl and in the temporal part

of the dentate gyrus (Bekiari et al., 2015; Groen et al., 2003; van Strien et al., 2009)

(Figure 44B).
A
o Distal CA1 (near subiculum)
Perirhinal Lateral
cortex entorhinal cortex Septal dentate gyrus
B
: P Proximal CAl (near CA3)
Context-rich Postrhinal _._ Medial
memory pathway i cortex i entorhinal cortex A Temporal dentate gyrus

Figure 44: Context-free and context-rich memory pathways

(A) The context-free memory involves the perirhinal cortex and lateral entorhinal axons
projecting to the distal part of CA1 next to the subiculum and to the septal part of the dentate
gyrus. (B) The context-rich memory pathway involves the postrhinal cortex and medial
entorhinal axons projecting to the proximal part of CA1 near CA3 and to the temporal part of
the dentate gyrus (Bekiari et al., 2015; Groen et al., 2003; van Strien et al., 2009).
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1.3. Complementary data

Evaluation of AT8-positive stained areas in context-free and context-rich memory pathways
was performed on four adjacent slices between -2.06 mm and -4.36 mm from bregma. All
regions of interest (ROI) were manually segmented using the Paxinos and Franklin Neuro-

Anatomical Atlas of Mouse Brain (Paxinos and Franklin, 2012).

Quantification revealed that hippocampal areas (CA1 and dentate gyrus) associated with both
context-free and context-rich memory pathways showed increased tau deposition in AD-
inoculated mice compared with Ctrl-inoculated ones (Figure 45A-B) (p<0.05 in all regions for
both AD groups). However, only the perirhinal/lateral entorhinal cortex associated with
context-free memory, and not the medial entorhinal cortex associated with context rich
memory, displayed significantly more tau in AD-inoculated mice compared to Ctrl-inoculated
animals (Figure 45C) (for context-free memory p<0.001 and for context-rich memory p>0.05,

in both AD groups).

Moreover, in AD-inoculated animals, context-free memory-associated areas displayed more
tau than the ones associated with context-rich memory (p<0.001 in the CA1, p<0.0001 in the
dentate gyrus and p<0.05 in the entorhinal cortex, for both AD groups). No difference in tau
load was however reported between clAD and rpAD-inoculated mice in any region (p>0.05).
For Ctrl-inoculated animals, no difference was found between the studied regions and we
hypothesize that AT8-positive staining only reflected neuritic plaques endogenously produced

in this model (p>0.05) (Figure 45).

Taken together, these data suggest that the context-free memory pathway was more affected
by tau pathology than the context-rich memory pathway in AD-inoculated mice. As the
severity of tau pathology correlates with cognitive alterations in our model, this provides a
possible explanation regarding the occurrence of novel object recognition deficits and the
absence of spatial memory alterations in rpAD-inoculated mice. However, no difference in tau
pathology was observed in the context-free memory pathway between rpAD- and clAD-
inoculated animals, suggesting the involvement of other factors, possibly interacting with one
another and associated with small differences below the significance threshold, in the

occurrence of such contrasting cognitive profiles.
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1. Relationships between cognitive, synaptic and neuropathological changes in AD brain-
inoculated mice
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Figure 45: Quantification of tau pathology in context-free and context-rich memory
pathways

Both context-free and context-rich memory pathways were associated with an increase in tau
deposition in the CA1 region (A) and in the dentate gyrus (B) of AD-inoculated mice compared
with Ctrl-inoculated mice (respectively for context-free and context-rich memory pathways,
for clAD: p=0.0004 and 0.0002 in the CA1, p=0.0024 and 0.014 in the dentate gyrus; for rpAD:
p<0.0001 for both pathways in the CA1, p<0.0001 and 0.02 in the dentate gyrus). However,
only the lateral entorhinal cortex displayed significantly more tau in AD mice than in Ctrl mice,
as opposed to the medial entorhinal cortex (C) (for context-free memory, p=0.0007 and
0.0002 respectively for clAD and rpAD groups; for context-rich memory, p>0.05 for both
groups). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; Kruskal-Wallis with Dunn’s multiple
comparisons test. Additionally, context-free memory-associated areas (on the left of each
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1.3. Complementary data

graph) displayed more tau than the ones associated with context-rich memory (on the right
of each graph) in the CA1, dentate gyrus and entorhinal cortex of AD-inoculated animals
(respectively for clAD and rpAD-inoculated mice, p=0.0004 and <0.0001 in the CA1, p<0.0001
for both groups in the dentate gyrus, p=0.031 and 0.001 in the entorhinal cortex). #p<0.05;
##n<0.001; ##¥H<0.0001; Wilcoxon matched-pairs signed rank test. ncti=15, Nncap=15,
Nrpap=20, nwt=12 mice. Data are shown as mean * s.e.m. DG: dentate gyrus, EC: entorhinal
cortex.

1.3.2. Cognitive alterations cannot solely be explained by a dose effect

Among the potential explanations for heterogeneous performances in the novel object
recognition task following rpAD or clAD brain extracts inoculations, the impact of tau

inoculated doses was investigated.

Indeed, in our study, rpAD and clAD patients did not display the exact same amounts of AB
and tau levels in their brains. Globally, rpAD and clAD inoculated brain extracts showed similar
levels of ABa42, but ABss and APao levels were greater in the clAD extract and phospho-taul81
levels were greater in the rpAD extract. Thus, using the same hippocampal coordinates as with
the previous cohort, we inoculated a new cohort of APP/PS1dE9 mice (n=8/group) with clAD
or rpAD brain extracts displaying normalized levels of phospho-taul81. As in the previous
study, APP/PS1dE9 mice and wild-type littermates inoculated with the control brain extract
were used as controls (n=4 and n=9, respectively). At 8 mpi, novel object discrimination
performances revealed the same trend as with the previously inoculated cohort. Indeed,
despite similar exploratory activities (Figure 46A), rpAD mice showed lower cognitive scores
compared with Ctrl and clAD-inoculated mice, although no statistical difference was reported
(Figure 46B). Altogether, these data suggest that differences between rpAD-, clAD- and Ctrl-

inoculated animals may not solely be explained by a dose effect.
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Interest in objects (s)
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Figure 46: Novel object recognition performances following the inoculation of Ctrl or AD
brain extracts with normalized phospho-taul81 levels.
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1. Relationships between cognitive, synaptic and neuropathological changes in AD brain-
inoculated mice

Object recognition performances were evaluated in a V-maze, 8 months after human brain
extracts inoculations. (A) Similar exploratory activities were reported between the groups as
suggested by the time spent on exploring the objects. (B) The discrimination index reflects the
ability to discriminate a novel object from a familiar, previously explored one. Despite the
absence of statistical difference between the groups, mice inoculated with the phospho-
taul81-normalized rpAD brain extract tended to perform worse than the other groups,
suggesting the occurrence of a slight cognitive deficit. p>0.05, Kruskal-Wallis with Dunn’s
multiple comparisons. nctri=4, Nciap=8, Nrpap=8, nwt=9 mice. Data are shown as mean + s.e.m.

1.3.3. Characterization of AP pathology in rpAD and clAD patients

In collaboration with the Brain institute (ICM, Paris), further characterization of human rpAD
and clAD brain samples, including those involved in this study, has been initiated.
Neuropathological evaluation performed by Susana Boluda (MD, PhD) revealed that
heterogeneity in AB plaque morphology was particularly prominent in rpAD cases compared
with clAD cases for whom plaques showed more homogeneous morphologies (Figure 47A-C).
Furthermore, AB plaques were segmented using a linear Bayesian algorithm and
morphometric analysis was performed with the Visiopharm software by Lev Stimmer (PhD).
The results showed that despite the absence of differences in AB plaque load, overall, rpAD
cases displayed smaller, denser and less convoluted plaques than clAD cases (p=0.23 for AB
load, p=0.04 for perimeter, p=0.02 for integrated density, p=0.04 for convexity; Visiopharm
software) (Figure 47D-G).

Altogether, these data suggest that rpAD and clAD patients are characterized by different AB
pathology profiles. Further evaluation of rpAD and clAD brain samples, in particular of tau

pathology and microglial activity, is ongoing to complete these results.
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1.3. Complementary data
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Figure 47: Characterization of AP deposition in rpAD and clAD patients

(A-C) Neuropathological evaluation of rpAD and clAD brains revealing more heterogeneous
plague morphology (A) in rpAD cases than in clAD for whom plaques showed more
homogeneous morphologies (B) (6F3D antibody). (C) Percentage of rpAD (nrpap=10) and clAD
(naap=11) cases predominantly showing heterogeneous or homogeneous plaque morphology
in their brain. (D-G) Evaluation of AB load (D), plaque perimeter (E), integrated density (F) and
convexity (G) using the Visiopharm software in clAD and rpAD patients. Morphometry analysis
revealed that rpAD cases display similar AR loads but smaller, denser and less convoluted
plaques than clAD cases (nrpap=10, ncap=8). Courtesy from Susana Boluda and Lev Stimmer
from the Brain Institute (ICM, Paris).
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2.1. Context, objectives & abstract

2. Encephalopathy induced by AD brain inoculation in
a non-human primate

2.1. Context, objectives & abstract

The host in which the proteopathic seeds are inoculated provides the biochemical and
physiological environment that modulates lesion emergence and functional impacts (Jucker
and Walker, 2013). Non-human primates (NHPs) are phylogenetically close to humans and
show many similarities with them in terms of physiology, neuroanatomy and behavioral
complexity. In addition, AB and tau proteins are highly homologous in NHPs and humans.
However, few studies have been conducted on NHPs because of practical and ethical
concerns, including limited availability, their long lifespan and elevated costs. A long-term
study conducted on marmosets (Callithrix jacchus) showed that AD brain inoculations can
induce sparse AB lesions but no evidence of tau, cognitive decline, neurodegeneration or

functional AD hallmarks was found (Baker et al., 1994, 1993a, 1993b; Ridley et al., 2006).

In this second article, we evaluated the impacts of human AD brain homogenates inoculation
on both brain function and brain integrity in mouse lemur primates (n=6/group). The gray
mouse lemur (Microcebus murinus) is a prosimian primate that presents many advantages
including being the smallest and fastest developing primate with a relatively short life
expectancy of approximately twelve years in captivity. Interestingly, aged mouse lemurs (over
the age of 6) can replicate some aspects of the human aging process and develop AD-like
pathological features that better resemble alterations found in sporadic AD compared to
transgenic mouse models. These features include AB and tau deposits, brain atrophy and

cognitive decline (Bons et al., 2006; Languille et al., 2012).

Here, we used a multimodal approach involving longitudinal cognitive assessments,
electroencephalography and morphological MRI studies for up to 18 months following the
inoculations. These data were further completed by the immunohistopathological
examination of brain tissues. We showed that AD brain extracts inoculations into the
hippocampus and overlying parietal cortex of mouse lemurs lead to an encephalopathy
associated with a progressive alteration of long-term memory and learning abilities, neuronal

activity modifications, cerebral atrophy and neuronal loss. In some animals, sparse A and tau
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depositions close to the inoculated regions were also detected and no sign of pronounced glial
reactivity was reported. Overall, our study is timely and important, as it is the first one to
highlight neuronal and clinical alterations in a primate following AD brain extracts

inoculations.

2.2. Article
Published in Acta Neuropathologica Communications (https://doi.org/10.1186/s40478-019-
0771-x).
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Abstract

Alzheimer's disease is characterized by cognitive alterations, cerebral atrophy and neuropathological lesions
including neuronal loss, accumulation of misfolded and aggregated (-amyloid peptides (AB) and tau proteins.
latrogenic induction of AR is suspected in patients exposed to pituitary-derived hormones, dural grafts, or surgical
instruments, presumably contaminated with AB. Induction of AR and tau lesions has been demonstrated in
transgenic mice after contamination with Alzheimer's disease brain homogenates, with very limited functional
consequences. Unlike rodents, primates naturally express AR or tau under normal conditions and attempts to
transmit Alzheimer pathology to primates have been made for decades. However, none of earlier studies
performed any detailed functional assessments. For the first time we demonstrate long term memory and learning
impairments in a non-human primate (Microcebus murinus) following intracerebral injections with Alzheimer human
brain extracts. Animals inoculated with Alzheimer brain homogenates displayed progressive cognitive impairments
(clinical tests assessing cognitive and motor functions), modifications of neuronal activity (detected by
electroencephalography), widespread and progressive cerebral atrophy (in vivo MRI assessing cerebral volume loss
using automated voxel-based analysis), neuronal loss in the hippocampus and entorhinal cortex (post mortem
stereology). They displayed parenchymal and vascular AR depositions and tau lesions for some of them, in regions
close to the inoculation sites. Although these lesions were sparse, they were never detected in control animals. Tau-
positive animals had the lowest performances in a memory task and displayed the greatest neuronal loss. Our study
is timely and important as it is the first one to highlight neuronal and clinical dysfunction following inoculation of
Alzheimer's disease brain homogenates in a primate. Clinical signs in a chronic disease such as Alzheimer take a
long time to be detectable. Documentation of clinical deterioration and/or dysfunction following intracerebral
inoculations with Alzheimer human brain extracts could lead to important new insights about Alzheimer initiation
processes.
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Introduction
Alzheimer’s disease is a neurodegenerative disease
characterized by cognitive alterations, cerebral atrophy
[1] and neuropathological lesions including neuronal
loss [2], accumulation of misfolded and aggregated p-
amyloid peptide and tau proteins [3]. Patients exposed
to cadaver-derived hormones, dural grafts or to
surgical instruments, presumably contaminated with
B-amyloid peptide (AP), have a higher risk of develop-
ing early-onset AP pathology than non-exposed sub-
jects [4—6]. Experimental induction (or acceleration)
of B-amyloidosis or tauopathy has been described in
rodents after intracerebral and even peripheral con-
tamination with pathological AP or tau-bearing brain
homogenates [7, 8]. However, none of the long-term
transmission studies with AP or tau-positive inocula
provided evidence for pronounced cognitive decline or
neurodegeneration [9]. Aged non-human primates can
naturally develop B-amyloid lesions [10] and a long-
term study in marmosets demonstrated induction of
sparse [-amyloidosis 3.5 to 7 years post-inoculation,
but there was no evidence of cognitive decline,
neurodegeneration, functional Alzheimer’s disease
hallmarks, or other clinical signs [11]. This calls for
additional clinical analysis in primates after inocula-
tion with Alzheimer’s disease brain homogenates.

Here, we used a multimodal approach, including non-
invasive methods, to evaluate the impact of inoculation of
human Alzheimer’s disease-brain homogenates on both
brain function and integrity in mouse lemur primates
(Microcebus murinus). These small primates (body length:
12 cm; weight: 60-120 g) have a maximal lifespan of 12
years in our colony [12], although longer lifespans have
been reported in some breeding colonies [13, 14], and are
considered to be “old” after 6 years [12]. Mouse lemurs are
widely used models to study human aging [15] since they
display age-related alterations of their sensorial system,
motor functions, biological rhythms, and immune and
endocrine systems [12]. Their cerebral aging profile is simi-
lar to that of humans, as some can display age-related cog-
nitive alterations associated with cerebral atrophy [16]. Like
humans and other non-human primates, they are genetic-
ally heterogeneous, providing a natural diversity of aging
profiles. In addition, genes associated with B-amyloidosis,
such as amyloid precursor protein (APP), are similar in
humans and mouse lemurs [17]. They can develop intracel-
lular deposits of APP/AP [18, 19], as well as 3-amyloid pla-
ques which can be detected in 25% of the animals over 8
years of age [20, 21], as well as tauopathy [21, 22]. Finally,
their small size and reduced lifespan (compared to ma-
caques) facilitates the creation of experimental cohorts to
evaluate factors that modulate cerebral aging.

Human brain homogenates from Alzheimer’s disease
or control patients were inoculated in the brain of 12
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adult mouse lemurs. We performed longitudinal cogni-
tive assessments, electroencephalography (EEG), and
morphological magnetic resonance imaging (MRI) stud-
ies up to 18 months post-inoculation (mpi), followed by
immunohistopathological examination of brain tissues.
In parallel, transgenic mice were also inoculated to as-
sess the pathological potential of our homogenates. The
inoculation of Alzheimer’s disease-brain homogenates in
primates induced an encephalopathy characterized by
pronounced cognitive, functional, and morphological al-
terations, as well as neuronal loss. Most alterations were
not seen 6 mpi but became evident at 12 mpi, ruling out
immediate pathogenicity of the homogenates. Sparse -
amyloid and tau lesions were also detected in the brains
of Alzheimer’s disease-inoculated mouse lemurs at the
inoculation sites and spreading from the inoculation
sites could be highlighted in some animals, but these le-
sions were never detected in control animals. These re-
sults show that inoculation of Alzheimer’s disease brain
homogenates induces a pathology leading to cognitive
impairments, clinical signs, neuronal loss and alteration
of neuronal activity in a primate.

Materials and methods

Human brain samples

Frozen brain tissue samples (parietal cortex) from two
Alzheimer’s disease patients (Braak and Braak stage VI,
Thal stages 5 and 4, respectively) and one control indi-
vidual (Braak and Braak/Thal stages 0) were obtained
from brains collected in a brain donation program of
the GIE NeuroCEB Brain Bank run by a consortium of
Patient Associations: ARSEP (French association for re-
search on multiple sclerosis), CSC (cerebellar ataxias),
France Alzheimer, and France Parkinson, with the sup-
port of the Fondation Plan Alzheimer and IHU A-ICM
(Additional file 1: Table S1). The consent forms were
signed by either the patients themselves or their next of
kin in their name, in accordance with French bioethics
laws. The GIE NeuroCEB Brain Bank has been declared
at the Ministry of Higher Education and Research and
has received approval to distribute samples (agreement
AC-2013-1887).

These brain tissues were first assessed by immunohis-
tochemistry. They were cut into 4-pm-thick paraffin
sections. Sections were deparaffinized in xylene, succes-
sively rehydrated through ethanol (100, 90, and 70%),
and finally rinsed under running tap water for 10 min.
They were then incubated in 99% formic acid for 5 min,
washed again under running tap water, quenched for
endogenous peroxidase with 3% hydrogen peroxide and
20% methanol, and finally washed in water. Sections
were then blocked by incubating the sections at room
temperature for 30 min in 4% bovine serum albumin
(BSA) in 0.05 M tris-buffered saline, with 0.05% Tween
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20, pH 8 (TBS-Tween, Sigma). They were then incu-
bated overnight at +4°C with the 6F3D anti-Ap anti-
body (Dako, Glostrup, Denmark, 1/200), polyclonal
anti-tau antibody (Dako, Glostrup, Denmark, 1/500),
and monoclonal anti-alpha-synuclein (LB509, Zymed,
USA, 1/250) routinely used for the detection of (-
amyloid, tau and alpha-synuclein deposits, respectively.
The sections were further incubated with a biotinylated
secondary antibody (25 min at room temperature), and
the presence of the secondary antibody revealed by
streptavidin—horseradish peroxidase conjugate using
diaminobenzidine as chromogen (Dako, Glostrup,
Denmark), after which they were counterstained with
Harris hematoxylin.

Preparation of human brain homogenates and
biochemical analysis

Parietal cortex samples were individually homogenized
at 20% weight/volume (w/v) in a sterile 5% glucose
solution (Virbac, Boulogne, France) in a ribolyser sample
homogenizer (Hybaid, FastPrep FP120, Bio 101, Thermo
Savant). Brain homogenates were then aliquoted into
sterile polypropylene tubes and stored at - 80 °C until
use.

Brain homogenates were further characterized by bio-
chemistry. For AP, brain 20% homogenates were diluted
in 6.8 M guanidine and 68 mM TrisHCI to obtain a final
concentration of 5M guanidine, protease inhibitor
(Complete Mini, Sigma Aldrich, MO, USA) added, and
vortexed for 3 h at room temperature. A} immunoquanti-
fication was performed in duplicate with human AB;_4»
ELISA kits (Invitrogen, Carlsbad, CA, USA) and AB;_4
ELISA kits (Invitrogen) according to the manufacturer’s
instructions. For tau characterization, brain homogenates
were sonicated on ice for 5 min, centrifuged for 5min at
3000 x g at +4°C, diluted in 20 mM Tris/2% SDS and
sonicated on ice for 5 min. Samples were diluted to 1 pg/
pL, diluted in 2X lithium dodecyl sulfate (LDS, Thermo
Fisher Scientific, Villebon sur Yvette, France) buffer with
reducers, and heated at +100°C for 10 min. Ten pg of
samples were loaded on Criterion gels (Biorad, Hercules,
CA, USA) and migrated in MOPS buffer for 90 min at
165V on ice. After protein transfer on nitrocellulose
sheets, either pS396 (Life technologies, Carlsbad, CA,
USA) or tau-Cter antibodies [23] were incubated over-
night at +4°C. A peroxidase coupled secondary anti-
rabbit antibody (ref-23817-2, Biovalley, Nanterre, France)
was then applied for 45min at room temperature.
Immunoblotting (or western blotting) was revealed by
ECL. GAPDH (ref sc-25778, Santacruz, Nanterre, France)
was used as a loading control. Operators were blinded to
the status of the patients. Brain homogenates were also
characterized for the presence of prion proteins by west-
ern blotting. Fragments from frontal cortex and
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cerebellum were homogenized in an isotonic glucose solu-
tion. Scrapie-associated fibrils were purified after digestion
by proteinase K. Polyacrylamide gel electrophoresis was
performed and PrPres was evaluated with 3F4 (Signet,
0.04 pug/ml) antibodies and revealed by electrochemolumi-
nescence. Tau was characterized by western blotting using
pS396 (Life technologies, Carlsbad, CA, USA) or tau-Cter
antibodies [23]. Brain homogenates were also character-
ized for the presence of Prion proteins by western blotting
according to protocols routinely used in the GIE
NeuroCEB Brain Bank.

Ethical statement for animal experiments

All animal experiments were conducted in accordance with
the European Community Council Directive 2010/63/UE.
Animal care was in accordance with institutional guidelines
and experimental procedures were approved by local
ethical committees (authorizations 12—089; ethics commit-
tees CEtEA-CEA DSV IdF N°44, France, and agreement
APAFIS#2264-2015101320441671 from CEEA75, Lille,
France).

Animals and overall experimental plan

Experiments were conducted on 12 middle-aged mouse
lemurs (age =3.5+0.2years; males were used in the
study as, in our colony, females are reserved for
breeding). They were all born and bred in a laboratory
breeding colony (UMR 7179 CNRS/MNHN, France;
European Institutions Agreement #962773). Mouse le-
murs were maintained at a constant temperature of
24-26 °C and relative humidity of 55% and were housed
in individual cages with an enriched environment
(jumping and hiding). Seasonal lighting (summer: 14 h
of light/10 h of dark; winter: 10 h of light/14 h of dark)
was applied to coincide with the seasonal rhythm of the
animals. Their diet consisted of fresh apples and a
homemade mixture of banana, cereals, eggs, and milk
and animals had free access to tap water. Before enter-
ing the study, all animals were examined for health and
given an ophthalmological examination. None of them
were previously involved in pharmacological trials or
invasive studies. The experiment was based on the
inoculation of human brain homogenates from
Alzheimer’s disease patients (AD-inoculated group) or
a control subject (CTRL-inoculated group) into the
brains of mouse lemurs (z=6 animals per group).
Group assignments of the animals were performed to
obtain two homogeneous groups based on pre-
inoculation learning abilities. Longitudinal behavioral,
EEG, and morphological MRI studies were performed
up to 18 mpi, followed by immunohistopathological ex-
aminations of brain tissues (age at death=5.0+0.2
years, Additional file 1: Table S2), with investigators
blind to the group assignment when assessing these
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outcomes. Five year-old mouse lemurs are considered
middle-aged and they usually do not display cerebral at-
rophy, p-amyloid or tau lesions. We chose to inoculate
young adults (3.5 + 0.2 years) and to follow them during
18 months when they reached a middle-aged stage (age
at euthanasia around 5years) in order to avoid any
drawback linked to aging that could affect cerebral at-
rophy and/or neuropathological status. Two control-
inoculated animals were euthanized for ethical reasons
at 12 mpi due to an abdominal infection following self-
removal of abdominal sutures after wireless telemetry
transmitter explantation. These animals were thus not
evaluated by MRI at 12, 15, or 18 mpi or for behavioral
studies at 18 mpi.

Mouse experiments were performed in eight-week-old
APP/PS14g9 mouse model of B-amyloidosis (n =21) [24]
and five-week-old Tau30""* mouse model of tauopathy
(n =15) [25]. The same brain homogenates as those used
in lemurs were inoculated in the mice. APP/PS14go mice
were followed-up for 4 months, while Tau30™* mice
were followed-up for 1month before immunohisto-
pathological examinations of their brains.

Stereotaxic injections in mouse lemurs

In mouse lemurs, brain homogenates were injected using
stereotaxic surgery in four different sites surrounding the
parietal cortex in order to spread the homogenates in wide
brain regions. The 20% aliquoted homogenates were diluted
to 10% (w/v) in sterile Dulbecco’s phosphate-buffered saline
(PBS, Gibco, ThermoFisher Scientific, France) extemporan-
eously. Six animals received brain extract from the control
patient (CTRL-inoculated group) and six received brain ex-
tract from Alzheimer’s disease patients (n =3 per patient,
AD-inoculated group). Animals were fasted the day before
surgery. Pre-anesthesia (atropine, 0.025 mg/kg, subcutane-
ous injection) was performed 30 min before anesthesia
(Isoflurane, Vetflurane, 4.5% for induction and 1-2% for
maintenance) as described previously [26]. Animals were
then placed in a stereotaxic frame (Phymep, France). Burr
holes were drilled 1.25 mm in front of the interaural axe.
Using 26-gauge needles, 6.5 uL. of 10% w/v brain homoge-
nates were injected bilaterally (L +/- 2.5 mm) 3 mm below
the brain surface. Homogenates were inoculated at 1 pL/
min. Needles were kept in place for additional 2 min before
they were slowly moved 2 mm above where bilateral injec-
tions were also performed (same volume and injection
speed as described above). Needles were kept in place for
additional 5 min before being slowly removed. Respiration
rate was monitored during the entire procedure and body
temperature was maintained at 37 £ 0.5°C with a heating
blanket or air-heating system. The surgical area was cleaned
before and after surgery (iodinate povidone, Vetedine,
Vetoquinol, France), the incision sutured, and the animals
were placed in an incubator at 25°C and monitored until
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recovery from anesthesia. Mouse lemurs were followed up
to 18 months after inoculation (Additional file 1: Table S2).

Stereotaxic injections in mice

Control- or Alzheimer’s disease-brain homogenates
(prepared identically to those injected into the mouse
lemurs) were injected bilaterally in the dorsal
hippocampus (AP -2mm, DV -2mm, L +/-1mm
[27]) of eight-week-old female APP/PS14go mice (n =21)
and five-week-old Tau30*'* mice (1 =15) of both sexes.
Mice were randomly assigned to control- (APP/PS1xgo.
n=6 and Tau30"*: n=5) or Alzheimer’s disease-
inoculated groups (APP/PS1apy: n =6 and 9 per patient,
Tau30"*: n =5 per patient). They were anaesthetized by
intraperitoneal ketamine-xylazine injection (Imalgéne
1000, Merial, France (1mg/10g); 2% Rompun, Bayer
Healthcare, Leverkusen, Germany (0.1 mg/10g)) and
placed in a stereotaxic frame (Phymep, France).
Respiration rate was monitored and body temperature
was maintained at 37 + 0.5 °C with a heating blanket dur-
ing surgery. After making a midline incision of the scalp,
burr holes were drilled in the appropriate location.
Bilateral intrahippocampal injections of 2 uL. 10% brain
homogenates were performed with a 26-gauge needle.
The surgical area was cleaned before and after surgery
(iodinate povidone, Vetedine, Vetoquinol, France), the
incision sutured, and the animals placed in an incubator
(temperature 25°C) and monitored until recovery from
anesthesia.

Behavioral evaluations

Accelerating rotarod task

Mouse lemurs were evaluated with the accelerating
rotarod task (model 7750, Ugo Basile, Italy) before
inoculation and every 6 mpi. Animals were placed on a
5-cm-diameter rotating cylinder turning at 20 rotations
per minute (rpm). The rod then accelerated steadily up
to 40 rpm until the end of the test, which was reached
when the animal fell or gripped onto the rod during at
least three consecutive turns without stabilizing its bal-
ance. Latency to fall off or grip the rod was recorded
for each trial. Animals underwent five consecutive trials
and the best result was recorded with values expressed
in seconds. The apparatus was cleaned with ethanol be-
tween each trial and each animal.

Visual discrimination test

The cognition of mouse lemurs was evaluated in an
apparatus (Additional file 2: Figure Sla) adapted from the
Lashley jumping stand apparatus [28], which is a vertical
cage made of plywood walls, except for the front panel,
which is a one-way mirror allowing observation. Two dis-
crimination tasks were performed: a learning task and a
long-term memory task. These tests involved a succession
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of visual discrimination tasks during which the mouse
lemur had to jump from a heightened central platform to
one of two lateral boards, one of which allowed access to
a reinforcing chamber containing a positive reward (the
possibility of reaching a safe nestbox for a 2-min rest). As
mouse lemurs prefer confined spaces, reaching a nest
when placed in an open space is a strong motivator for be-
havioral testing. If no jump is performed within 1 min, the
central station can be progressively and gently tilted
downwards creating a slippery slope, encouraging the
mouse lemur to jump. Boards can be covered with remov-
able and easily-discriminable patches of varied shape,
texture, and pattern (i.e. visual discrimination clues). Each
board can be locked in a stable position or unlocked to be-
come unstable and fall if a lemur jumps on it. For a pair of
patches, one is always associated with the stable board,
giving access to the nest (positive result), and the other
with the unstable board that falls when the lemur jumps
on it (negative result). During a discrimination task, the
mouse lemur had to identify the positive stimulus which
signaled access to the nest. Left/right locations of the
stimuli were randomly alternated during the attempts with
the restriction of no more than three consecutive trials in
the same configuration. Testing continued until a success
criterion - defined as eight correct choices out of 10 suc-
cessive attempts - was achieved. Before the first test, le-
murs underwent a habituation session composed of seven
trials. For the first four trials, only one fixed central board
was attached just below the nestbox opening. In trial 1, a
cylindrical rod connected the central station to the board
so that no jump was required to reach the nestbox. In trial
2, the rod was removed so that the mouse lemur had to
jump onto the central board to access the nestbox. In tri-
als 3 and 4, an opaque vertical screen was added above
the middle of the board masking the nestbox opening.
The mouse lemur had to jump onto the board and then
walk under the screen to access the nestbox. For the final
three trials, the fixed landing platform was placed
alternately to the left or right of the nestbox opening
which was masked by the opaque screen. After the habitu-
ation session, mouse lemurs underwent the first discrim-
ination learning task — distinguishing between a pair of
patches — to test their learning abilities. This task was per-
formed before inoculation and then at 6, 12, and 18 mpi
with a new set of discrimination task stimuli each time
(i.e. a new pair of patches). Long-time retention was also
evaluated at the three post-inoculation time points
through recall of the discrimination task from 6 months
prior (Additional file 2: Figure S1b).

Electroencephalography (EEG)

EEG studies were conducted in mouse lemurs using tele-
metric devices as described before [29, 30]. Animals re-
ceived pre-anesthesia (5 mg/mL Diazepam, Roche, France,
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intramuscular injection of 200 uL/100g) and were then
anesthetized with isoflurane. A wireless telemetry trans-
mitter (2.5g, PhysioTel F20-EET, Data Science, St Paul,
MN, USA), equipped with simultaneous recording for one
EEG and one electromyogram (EMG) channel (1-500 Hz
sampling rate), was implanted in the abdominal cavity.
The electrode leads were threaded subcutaneously from
the abdomen to the skull. Electrodes were placed on the
dura mater of the anterior frontal cortex according to a
stereotaxic atlas of the mouse lemur brain and secured
using dental cement [31]. The frontal cortex, and not the
parietal cortex in which brains homogenates were inocu-
lated, was chosen for this evaluation to focus on the im-
pact of the brain homogenate inoculation on cerebral
networks, including those distant from the inoculation
site. For EMQ@ recording, bipolar electrodes were sutured
into the neck muscles using non-absorbable polyamide
sutures. Animals were monitored for respiration rate and
body temperature during surgery, observed until
anesthesia recovery, and allowed to recover from surgery
for 1 week before recording. EEG and EMG data were
continuously collected using PC running Dataquest soft-
ware (Data Science International, St Paul, MN, USA)
linked to a receiver base (RPC-1, Data Science, St Paul,
MN, USA), placed on the floor of the home cage inhabited
by the implanted animals. Electrodes and the telemetry
transmitter were removed after 1 week of recording under
the same surgical conditions as for implantation. The EEG
data were analyzed with Neuroscore v2.1.0 (Data Science
International, St Paul, MN, USA). Analysis focused on the
active state, determined by locomotor activity recording
(included in the telemetry data of EMG recordings). EEGs
were performed before inoculation and 6 and 12 mpi. We
focused on delta (0.5-4 Hz), theta (4—8 Hz), alpha (8—12
Hz), sigma (12-16 Hz), and beta (16-24 Hz) frequency
waves. At each time point, each wave was normalized ac-
cording to mean values of the control-inoculated animals.
The operator was blinded to the group attribution during
EEG signal processing.

Morphological MRI

Brain images were recorded on a 7.0 Tesla spectrometer
(Agilent, USA) using a four-channel phase surface coil
(RapidBiomedical, Rimpar, Germany) actively decoupled
from the transmitting birdcage probe (RapidBiomedical,
Rimpar, Germany). Two-dimensional fast spin-echo im-
ages were recorded with an isotropic nominal resolution
of 230 um (128 slices, TR/TE = 10000/17.4 ms, rare fac-
tor =4; field of view =29.4 x 29.4 mm?, matrix = 128 x
128, slice thickness = 230 um, acquisition time = 32 min).
MR images were zero-filled to reach an apparent iso-
tropic resolution of 115 um. Animals were anesthetized
and monitored as described for stereotaxic injections.
MR images were recorded for each animal before
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inoculation, 15 days after inoculation and then every 3
months until 18 mpi.

Images were analyzed using voxel-based morphom-
etry by applying SPM8 (Wellcome Trust Institute of
Neurology, University College London, UK, www.fil.
ion.ucl.ac.uk/spm) with the SPMMouse toolbox (http://
spmmouse.org) for animal brain morphometry [32].
Fifteen-day post-inoculation images were not included
in this analysis, as they were only used to ensure accur-
ate injection cannula placement and the lack of acute
lesions following surgery.

The brain images were segmented into gray (GM) and
white matter (WM) tissue probability maps using locally
developed priors, then spatially transformed to the
standard space, defined by Sawiak et al., using a GM
mouse-lemur template [32]. Affine regularization was set
for an average-sized template, with a bias non-
uniformity FWHM cut off of 10 mm and a 5 mm basis-
function cut off and sampling distance of 0.3 mm. The
resulting GM and WM portions were output in rigid
template space, and DARTEL [33] was used to create
non-linearly registered maps for each subject and com-
mon templates for the cohort of animals. The warped
GM portions for each subject were adjusted using the
Jacobian determinant from the DARTEL registration
fields to preserve tissue amounts (“optimized VBM”
[34]) and smoothed with a Gaussian kernel of 600 um to
produce maps for analysis.

A general linear model was designed to evaluate rela-
tive changes in GM values as a function of time between
the control- and Alzheimer’s disease-inoculated groups.
Longitudinal follow-up of each animal was considered in
the design matrix, and total intracranial volumes were
treated as covariates of no interest. This type of analysis
produces t-statistic and color-coded maps that are the
product of a statistical analysis performed at every voxel
in the brain. Contiguous groups of voxels that attain
statistical significance, called clusters, are displayed on
brain images.

With the general linear model, if the brain of one ani-
mal is defined by the number “j”, and the location of a
pixel is defined as “k”. The signal within a pixel (Y’; ) can

be explained by the following equation

k k k k k k
Y; = x;.lﬁ; —:xmﬁz + z;}/is + T34 +k +kT?ﬁg
+ T]ﬁg + ..o+ T] ﬂ14 + Tlvlﬁls + €j

With X = Alzheimer’s disease brain inoculation ef-
fect (n =42 images); /)’]2(
effect (n =36 images); ,813( = Longitudinal follow-up
for Alzheimer’s disease-brain inoculated animal #1
(n=7 values, ie. at 0, 3, 6, 9, 12, 15, and 18 mpi);
Bt = Longitudinal follow-up for Alzheimer’s disease-

= control brain inoculation
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brain inoculated animal #2 (n =7 values, i.e. at 0, 3,
6, 9, 12, 15, and 18 mpi);..; S5 = Longitudinal
follow-up for Alzheimer’s disease-brain inoculated
animal #6; /)’19< = Longitudinal follow-up for control
animal #1;...; Bﬁ = Longitudinal follow-up for con-
trol animal #6; ...; B\; = total intracranial volume
(TIV) for each animal. The Alzheimer’s disease-brain
and the
control-brain inoculation effect is defined by x;,/%.
Thus, if the image corresponds to an Alzheimer’s
disease-inoculated animal, x; ;=1 and x;, , =0, if the
image corresponds to a control-inoculated animal, x;,
1=0 and x;, ,=1. T7 is the time post-inoculation for

inoculation effect is defined by x,»_lﬁ’l‘

each animal x. Otherwise, T7 =0. TIV corresponds

to the total intracranial volume value for each ani-
mal. It was similar for the different images from the
k

same animal followed-up longitudinally. The term ¢

corresponds to the “error” of the measure for each
animal.

As an example, on the basis of this model, for
image 1 of animal 1 (Alzheimer’s disease group,
image before inoculation (7! =1)): YK =p%+1p%
+TIV 1B + € for image 2 of animal 1 (Alzheimer’s
disease group, image at 3 mpi (T} = 3 months = 92
days)): YA = /)’If +92 ﬁ’; + Tlvzﬁ’f5 + €5; for image 3 of
animal 1 (Alzheimer’s disease group, image at 6 mpi
( T)=6months =183  days)): Y&=p 41835
+T1V3/3]1(5 + ¢k ... for image 1 from animal 7 (control
group image before inoculation (77%; = 1)):): Y, = g%
+1 B8 + TIVysfis + €k, 5 for image 2 of animal 7
(control group image at 3 mpi (7%, = 3 months = 92
days)): Y&, = B + 92 Bs + TIV iy + €,

A contrast defines a linear combination of 3 as ¢’f3. For
example, the test evaluating whether the probability of
pixels from animals inoculated with Alzheimer’s disease-
brains to be GM is lower than that for control-brain inocu-
lated animals is defined using a contrast ¢’ = {-1 1 0..]".
The Null hypothesis is Hy: ¢’ = 0, whereas the alternative
hypotheses is H : ¢’ > 0. This hypothesis is tested with:

cI'p B
\/ o2cT ( xT X) -1 Vestimated variance

contrast

T =

This analysis allows the removal of confounding ef-
fects, such as repetition of the measures during longitu-

dinal evaluation of the same animal (i.e. /)’13(, /3/;,..., /)’Ig, /)’19‘

yorer BY4) o1 TIV (BY5) from the raw data. In other words,

volumetric scans were entered as the dependent variable.
The treatment groups of the animals (Alzheimer’s
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disease or control-brain inoculation) were the independ-
ent variables. Longitudinal follow-up effect and TIV
were covariates.

One-tailed t-test contrasts were set up to find areas in
which probability values from GM maps were different
in Alzheimer’s disease and control-brain inoculated ani-
mals (i.e. cT/J’ ={-110..]% or {1-1 0..]T contrasts). To
control for multiple comparisons, an adjusted p-value
was calculated using the voxel-wise false discovery rate
(FDR-corrected p < 0.05), with extent threshold values of
10 voxels, meaning that clusters required 10 contiguous
voxels to be selected as relevant [35]. Voxels with a
modulated GM value below 0.2 were not considered for
statistical analysis. The operator was blinded to the
group attribution during image processing.

The rate of atrophy evolution over time was then fur-
ther evaluated based on changes of the Jacobian deter-
minant. More specifically, the change in the Jacobian
determinant was calculated for each subject relative to
baseline and averaged groups, yielding mean volume

changes from baseline to time ¢ post-inoculation of A
7AD(t) and ATCTRL(t) for Alzheimer’s disease- and
control-inoculated groups, respectively. Subtracting
these highlighted voxels showing differential atrophy be-
tween groups at each stage. We evaluated differences in
atrophy over the first 6 months, further atrophy that oc-

curred from six to 12 months, and later atrophy occur-
ring from 12 to 18 months: ie. ATAD(6)—A7CTRL(6) ,
(77 (12)-A7" (12))-(A7*" (6)-47 " (6)) and (A
740 (18)-a7 " (18))-(AT* (12)-AT " (12)).

Immunohistochemistry and biochemistry
Five mouse lemurs from each group were studied by im-
munohistochemistry. The last animal from each group
was not evaluated by immunohistochemistry as its brain
was sampled for future inoculations in new cohorts of
animals (second passages). All mice were included in im-
munohistochemical analyses. Each animal studied by im-
munohistochemistry was euthanized with an overdose of
sodium pentobarbital (100 mg/kg intraperitoneally)
followed by intracardiac perfusion with 4% paraformal-
dehyde in PBS. After overnight post-fixation, brains were
cryoprotected using 15 and 30% sucrose solutions. Brain
coronal sections (40-um-thick) were cut on a sliding
freezing microtome (SM2400, Leica Microsytem).
Twenty series of sections were performed. The floating
histological serial sections were preserved in a storage
solution (30% glycerol, 30% ethylene glycol, 30% distilled
water, and 10% phosphate buffer) at — 20 °C until use.
Serial sections of the entire brains of mouse lemurs
were used for AP (4G8), tau (AT8, MC1, and AT100),
glial fibrillary acidic protein (GFAP), and neuronal
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nuclei (NeuN) using immunohistochemistry. One
series of sections (i.e. one section every 20th sections,
which represents approximately 12 sections) was used
for each staining, except for NeuN that used 4 series
(i.e. one section every 5th sections). Monoclonal anti-
body AT8 (Thermo Scientific MN1020B, USA)
recognizes phosphorylated residues serine 202 and
threonine 205 of Tau. The monoclonal antibody
AT100 (Thermo Scientific MN1060, USA) recognizes
phosphorylated residues threonine 212 and serine 214
of Tau. The monoclonal antibody MC1 was a generous
gift from Peter Davies and recognizes conformational
changes in residues seven to nine and 313-322.
Human sections were used as positive controls. Free-
floating sections were rinsed in 0.1 M PBS and incu-
bated in 0.3% hydrogen peroxide for 20 min. For 4G8
staining, sections were pre-treated with 80% formic
for 2min. Pre-treatment with PBS - Triton 0.5%
(Triton X-100, Sigma Aldrich, MO, USA) and 3% bo-
vine serum albumin (BSA) blocking was performed at
+4°C for 30 min before a 2 day-incubation with either
biotinylated 4G8 (Covance, NJ, USA, 1/250), GFAP
(Dako, Denmark, 1/5000), or NeuN (Abcam,
Cambridge, UK, 1/2000) antibodies. Sections stained
for tau lesions were pre-treated with 1x Citrate Buffer,
in a 100 °C water bath for 30 min for antigen unmask-
ing. Then they were processed with PBS - Triton 0.2%
(Triton X-100, Sigma Aldrich, MO, USA) and 10%
normal goat serum (NGS) 10% blocking at + 4 °C for 1
h before a 3 day-incubation at 4 °C with AT8 (1/500 in
PBS - Triton 0.2% and NGS 5%), MC1 (1/500 in PBS -
Triton 0.2% and NGS 5%) or AT100 (1/200 in PBS -
Triton 0.2% and NGS 5%). Sections were incubated in
biotinylated anti-mouse or anti-rabbit secondary anti-
bodies (IgG, Vector Laboratories, Burlingame, CA,
USA) in PBS - Triton 0.2% for 1h before revelation.
The ABC Vectastain kit (Vector Laboratories,
Burlingame, CA, USA) was used to amplify DAB
revelation (DAB SK4100 kit, Vector Laboratories,
Burlingame, CA, USA). Sections stained for Tau were
also counterstained with cresyl violet for 45 s or coun-
terstained with Olig2 (Millipore AB9610, USA, 1/500)
to detect oligodendrocytes. Images of stained serial
sections were digitized with an Axio ScanZ.1 slide
scanner (Zeiss, Jena, Germany) at X20 (0.22pum in
plane resolution). The scanned files were exported as
jpeg RGB images with a 30% compression (0.73 um in
plane resolution) wusing Zen 2.0 (Zeiss, Jena,
Germany).

Quantification of intracellular APP/AP deposits was
performed blind using 4G8 stained-sections and Image]
1.52b (https://imagej.nih.gov/ij/). Briefly, 4G8-positive
objects were segmented using the same threshold for
each animal. Then masks were created to exclude brain
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vessels from parenchyma. Overlap between 4G8-positive
objects and these masks was used to evaluate 4G8-
positive staining either in brain parenchyma (Image]
ROI manager and analyze particles function). Three
brain regions (caudate nucleus, putamen, and hippocam-
pus) were studied. Quantification of GFAP-stained sec-
tions was blindly performed using Image] 1.52b. Each
structure (frontal cortex, entorhinal cortex, amygdala,
hippocampus, posterior cingulate, and retrosplenial cor-
tices) was manually defined for both hemispheres. GFAP
staining density was evaluated as relative optical density
(log (255/(255-GFAP gray level))) in each structure.

Microglial reaction was further evaluated in mouse
lemurs by Western blot analysis. Proteins were ex-
tracted from two floating brain sections from each
mouse lemur, taken at the level of the inoculation site
(Qproteome FFPE — Tissue Extraction Buffer, Qiagen).
Extracted total proteins were detected by immuno-
blotting using SDS—-PAGE (Criterion TGX Stain-Free
Precast Gel 4-20%, Bio-Rad), UV activation, nitrocel-
lulose membrane transfer (Trans-Blot Turbo RTA
Transfer Kit, Bio-Rad) and by blotting with anti-Ibal
rabbit polyclonal antibody (Wako, 1:1000) followed by
anti-rabbit secondary antibody (Invitrogen, 1:5000)
and by Clarity Western ECL chemiluminescence reve-
lation (Bio-Rad). Proteins were migrated together with
a molecular weight marker (Precision Plus Protein
Standards Unstained, Bio-Rad) ranging from 10 to
250 kD. Images of the blots were digitized with a
ChemiDoc Imaging System (Bio-Rad) and quantified
with the Image Lab Software 5.2.1 (Bio-Rad).

Serial sections of the entire brain of APP/PS1,g¢ mice
were stained for the evaluation of AP pathology, as well
as inflammation (Ibal and GFAP). Brain sections were
rinsed with PBS, and then incubated in 0.3% hydrogen
peroxide for 20 min. Sections were then blocked with
PBS-0.5% Triton (Triton X-100, Sigma, St Louis, MO,
USA) and 4.5% normal goat serum (NGS) for 30 min
before overnight incubation with BAMI10 (Sigma,
A3981, 1/10.000), Ibal (Wako, VA, USA, /1000), or
GFAP (Dako, Denmark, 1/10000) antibodies at 4 °C.
Sections were rinsed with PBS and then successively
incubated with 1/1000 anti-mouse IgG secondary anti-
body (BA-9200; Vector Labs) at room temperature for
1h and ABC Vectastain (Vector Labs) before DAB
revelation (DAB SK4100 kit, Vector Labs). Images of
stained sections were digitized with a Zeiss Axio
Scan.Z1 (Zeiss, Jena, Germany) whole slide imaging
microscope at X20 (0.22 um in plane resolution). The
scanned files were exported as jpeg RGB images with a
30% compression (0.73 um in plane resolution) using
Zen 2.0 (Zeiss, Jena, Germany). Sections stained for Ap
were blindly analyzed and A in the hippocampus
quantified using Image] software [36]. Segmentation of
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B-amyloid deposits was performed in two sections
corresponding to AP -1.70/-2.30 mm [27]. It was based
on the determination of a threshold defined as T =
Mgignal + 10xSDgigna1, Where  Mgignat and SDgjgna repre-
sent the mean and standard deviation of the signal
within a CA1 region of interest in which B-amyloid de-
posits were not visible.

Neuroinflammation was blindly evaluated after manual
adjustment of a threshold adjusted to select the stained
microglial and astroglial cells. Their load was quantified
by densitometry in the inoculated brain region (CAl)
using Explora Nova Mercator.

Brains sections from tau30*'* mice were stained with
anti-AT8 antibodies. Serial sections from the entire brain
were washed in PBS-0.2% Triton and treated for 30 min
with H,O, (0.3%). Non-specific binding was then
blocked using the MOM kit (Vector MKB2213) (1/100
in PBS, Vector) for 60min. Incubation with ATS8
(Thermo Scientific MN1020, 1/500) in PBS-0.2% Triton
was performed overnight at 4°C. After several washes,
labelling was amplified by incubation with an anti-
mouse biotinylated IgG (1/400 in PBS-0.2% Triton, Vec-
tor) for 60 min followed by the application of the ABC
kit (1:400 in PBS, Vector) prior to visualization with 0.5
mg/ml DAB (Vector) in 50 mmol/L Tris-HCI, pH 7.6,
containing 0.075% H,O,. Brain sections were mounted
onto gelatin-coated slides, stained for 1 min in a cresyl
violet solution (0.5%), washed in water containing 2%
acetic acid, dehydrated by passage through a graded
series of alcohol and toluene solutions and mounted
with Vectamount (Vector) for microscopic analysis. Images
were digitized with a Zeiss Axio Scan.Z1 (Zeiss, Jena,
Germany) whole slide imaging microscope at X20 (0.22 pm
in plane resolution). The density of AT8-positive cell-soma
profiles in the hippocampus was eval-uated in two sections
corresponding to AP -1.70/- 2.30 mm [27]. AT8-positive
cell soma were manually counted (“PointPicker” tool from
Image] [36]) and expressed as the total number of AT8-
positive cell soma profiles vis-ible in the dorsal
hippocampus.

Stereological counting of NeuN-positive neurons

The optical fractionator method [37, 38] was used to
obtain an unbiased stereological estimate of the total
number of NeuN-positive cells in the CA1/2 and CA3
layers of the hippocampus, layers I, II, and III-VI of
the entorhinal cortex, and the cingulate/retrosplenial
cortex. Measurements were performed on the left
hemisphere of the brain. Cells were counted using a
Leica DM6000 microscope equipped with a digital
color camera (MicroFireTM, Optronics, Goleta, CA,
USA), an x-y motorized stage controller, a motorized
z-axis, and Mercator stereology software (Explora
Nova, La Rochelle, France). The regions were
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delineated using a 4X objective in accordance with the
mouse lemur brain atlas [31]. Section thickness (from
11 to 13 um) was measured at three locations for each
section analyzed. Sampling was performed unilaterally
within the delineated areas with a 40X oil-immersion
objective. Counting frames were adapted for each
brain region, and areas of the counting frames (a/f)
were 30 x 30 um? to 100 x 100 um?, depending on the
brain region, while sampling areas were separated by
x-y steps of 50-50 um to 150-150 pm, depending on
the brain region. The fraction of the section plane
sampled (ASF) was calculated as the ratio (a/f)/(x*y)
(Additional file 1: Table S3). Disector height was
10 pm with a guard zone of 1 pm from the surface of
the section generating counts of 90-2500 sampled
cells per animal, depending on the structure, and the
mean coefficient of error (CE) of the estimates was
0.06 (Additional file 1: Table S3). The total number of
NeuN-positive cells within each region was calculated
according to the following formula: Ntot=XQ  x 1/
SSF x 1/ASF x 1/TSF, in which £Q~ is the number of
sampled cells and SSF is the section sampling fraction.
One out of ten sections was sampled, leaving 200 pm
intervals between two sampled sections. ASF is the
area of the sampling fraction and TSF the thickness of
the sampling fraction. Values of SSF, ASF, and TSF for
each region are given in Additional file 1: Table S3. All
histological data (surface, volume measurements, and
cell counts) were performed by an investigator (SL)
blind to the group assignment of the animals.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
software (San Diego, CA, USA). In most graphics, data are
shown as scatter plots with median and interquartile inter-
val. Control-inoculated animals, as well as animals inocu-
lated with each Alzheimer brain homogenates are
displayed with different color codes. Behavioral studies are
not displayed as scatter plots but as mean + standard devi-
ation (SD) to represent cognition evolution over time.
Cognitive and motor experiments were evaluated by two-
way repeated measures ANOVA (post-inoculation delay,
group) followed by Bonferroni’s multiple comparisons
post-hoc tests. Data normality and variance homogeneity
were evaluated using Shapiro-Wilk and Cochran C tests,
respectively, and data from behavioral experiments were
reciprocally transformed to obtain normality and variance
homogeneity. The values within control-inoculated ani-
mals were highly homogeneous for each post-inoculation
time. We thus replaced missing data for 18 mpi from the
two control-inoculated mouse lemurs that died with the
worst values in the control-inoculated group at 18 mpi.
EEG, neuronal counts and intracellular 3-amyloid load in
mouse lemurs, and B-amyloid, tau and inflammation in
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mice were evaluated by Mann-Whitney tests. Spearman’s
rank correlations were performed to examine relationships
between EEG and behavioral data. The proportion of
mouse lemurs with f-amyloid lesions in the control- and
Alzheimer-inoculated groups was compared using the
Chi-square test. No statistical methods were used to pre-
determine sample size. Sample size to compare control
and Alzheimer-inoculated mice and mouse lemurs in fu-
ture studies was estimated on the basis of the experimen-
tal results obtained during the current experiments
assuming a significance level of 5%, a power of 80% and
two-sided tests. Estimations for quantitative values used a
two-sample t-test on the basis of the mean and standard
deviation obtained for the different measures in this study
(BiostaTGV module, https://biostatgv.sentiweb.fr/?mod-
ule=etudes/sujets#). The standard deviation used for this
estimation was the square root of the pooled variance
from each group. Estimations for proportional values
(proportion of lemurs with A, CAA or Tau in the brain)
were based on a chi-squared test (BiostaTGV module
based on epiR package 0.9-9.6, https://biostatgv.sentiweb.
fr/?module=etudes/sujets#).

Results

Characterization of human brain samples and
homogenates

Frozen brain tissue samples (parietal cortex) from two
Alzheimer’s disease patients (Braak and Braak stage VI,
Thal stages 5 and 4, respectively) and one control individ-
ual (Braak and Braak/Thal stages 0) were used in the
current study. The brains of the Alzheimer’s disease pa-
tients displayed typical lesions (f-amyloid plaques and tau
tangles) while no lesions were found in the control subject
(Additional file 3: Figure S2a-h). One Alzheimer case
(AD1) displayed p-amyloid angiopathy in addition to f3-
amyloid plaques while the second Alzheimer patient
(AD2) did not display angiopathy (Additional file 3: Figure
S2a-d). Immunohistochemical staining for alpha-synuclein
was negative for all brain samples. Biochemical analysis
revealed high AB;_4 and AB;_40 levels only in Alzheimer’s
disease-brain homogenates (Additional file 3: Figure S2i-
j). AD1 displayed higher AB;_40 and lower AB; 4, levels
than AD2 (Additional file 3: Figure S2i-j). Western blot-
ting showed a typical shift in the molecular weight of the
Alzheimer tau-Cter triplet [23] and the presence of patho-
logical pS396 tau only in Alzheimer samples (Additional
file 3: Figure S2k-1). All brain samples were negative for
presence of Prion proteins assessed by western blotting
(Additional file 4: Figure S3).

Alzheimer’s disease brain inoculation effectively induces
B-amyloid and tau lesions in transgenic mice

Prior to being used in mouse lemurs, the Alzheimer’s
disease and control brains were inoculated in the
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Fig. 1 Cognitive dysfunction in Alzheimer-inoculated mouse lemurs.
a The rotarod test did not reveal any motor dysfunction in either
Alzheimer- (AD) or control- (CTRL) inoculated group. b Progressive
learning impairment in the animals of the Alzheimer-inoculated
group. Animals allocated to Alzheimer- and control- inoculated
groups performed similarly before inoculation and improved
similarly up to 6 mpi. Only the control-inoculated group continued
to improve at 12 and 18 mpi (p < 0.0001 and p =0.01, respectively).
Learning abilities were also lower in the Alzheimer-inoculated group
than in the control-inoculated group at 12 mpi (p =0.03) and
tended to be lower at 18 mpi (p =0.10). The overall performance of
the Alzheimer-inoculated group was significantly worse than that of
the control-inoculated group (p = 0.02). ¢ The overall performance of
the Alzheimer-inoculated group in the long-term memory task at 6
and 18 mpi was significantly worse than that of control animals (p =
0.0002, 0.0036, and 0.0024, respectively). *p < 0.05; **p < 0.01; ***p <
0.001 (n=6 per group, two-way repeated measures ANOVA with
Bonferroni's post-hoc tests). Plots presents mean + standard
deviation. Dashed lines in (b, ) indicate the best possible scores

deposition in APP/PS14ge and Tau30*™* mice (p = 0.009
and p=0.0007, respectively, Additional file 5: Figure
S4a-f). Within the Alzheimer group, the B-amyloid load
was higher in the mice inoculated with the brain pre-
senting with B-amyloid angiopathy as compared to the
mice inoculated with the brain without angiopathy (p =
0.01). No difference was detected for tau lesions. This
experiment confirmed the ability of the Alzheimer’s dis-
ease brain homogenates to induce transmission of Alz-
heimer’s disease-related lesions in mice.

Alzheimer’s disease brain inoculation induces cognitive
alterations in mouse lemurs

Following the mouse studies, 12 adult mouse lemurs
were inoculated with the same Alzheimer’s disease
and control human brain homogenates. Motor func-
tions, assessed with a rotarod test were similar in
both groups (Fig. 1la). Cognitive evaluation was per-
formed every 6 months in a jumping-stand apparatus
[28] (Additional file 2: Figure Sla) and consisted of
two tasks (Additional file 2: Figure S1b). The first
was a learning task that rated visual discrimination
acquisition abilities, whereas the second was a long-
term memory task that assessed retention of the dis-
crimination problem learned 6 months before. Before
brain homogenate inoculation, animals assigned to
Alzheimer- and control-inoculated groups performed
similarly in the learning task (Fig. 1b). Animals from
both groups showed similar improvement in their
learning abilities 6 months after inoculation (Fig. 1b).
However, performance then diverged with control-
inoculated animals further improving at 12 mpi, until
reaching the best possible scores (thus demonstrating
learning set acquisition), whereas the Alzheimer-
inoculated group progressively worsened at both 12
and 18 mpi, with overall performance significantly
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lower than that of control-inoculated group (Fig. 1c).
The overall performance of the Alzheimer-inoculated
group in the long-term memory task and their per-
formance at 6 and 18 mpi were significantly worse

Fig. 2 Neuronal activity alterations in Alzheimer-inoculated mouse
lemurs. Evolution of EEG frequency power densities in the
Alzheimer- (AD) and control- (CTRL) inoculated groups before
inoculation (a), and 6 (b) and 12 (c) mpi (n =6 per group). a EEG
frequency power densities were similar in the two groups before
inoculation. b At 6 mpi, the Alzheimer-inoculated group showed a
lower delta frequency (0.5-4 Hz) and a higher theta frequency (4-8
Hz) than the control-inoculated group (p =0.009 and p = 0.002,
respectively, Mann-Whitney tests). ¢ At 12 mpi, the alterations in
delta frequency were maintained (p = 0.009, Mann-Whitney test). In
addition, alpha (8-12 Hz), sigma (12-16 Hz), and beta (16-24 Hz)
frequencies were higher in the Alzheimer-inoculated group than in
the control-inoculated group (p = 0.004, p =0.015, and p = 0.009,
respectively, Mann-Whitney tests). *p < 0.05; **p < 0.01. Scatter plots
display median and interquartile interval. CTRL-inoculated animals

are in blue, AD1-inoculated in green and AD2-inoculated in red

than those of control-inoculated group (Fig. 1c). We
did not detect any difference between the scores ob-
tained by the animals inoculated with tissue homoge-
nates from the two Alzheimer brains.

Alzheimer’s disease brain inoculation alter EEG measures
Longitudinal EEG studies were performed in mouse le-
murs in order to further evaluate neuronal activity in the
Alzheimer- and control-inoculated groups. EEG measures
were recorded in the frontal cortex during the active state
before the inoculation (Fig. 2a). At 6 mpi, slow wave EEG
frequencies were altered, with a lower delta frequency and
a higher theta frequency in the Alzheimer- than in the
control-inoculated group (Fig. 2b). In addition, the de-
crease in delta frequency correlated significantly with im-
pairment of long-term memory (p = 0.009, Additional file
6: Figure S5). Lemurs from the Alzheimer-inoculated
group still displayed a significantly lower delta frequency
and a significantly higher fast wave (alpha, sigma, and
beta) frequency (Fig. 2c) at 12 mpi than lemurs from the
control-inoculated group. We did not detect any
difference between the scores obtained by the animals in-
oculated with tissue homogenates from the two Alzheimer
brains.

Alzheimer’s disease brain inoculation induces a
progressive cerebral atrophy

Alzheimer’s disease is morphologically characterized
by progressive cerebral atrophy affecting the hippo-
campus and the cortex. We recorded MR images of
the brains of lemurs from Alzheimer- and control-
inoculated groups every 3 months. Automated voxel-
based analysis was performed to evaluate cerebral
atrophy. The Alzheimer-inoculated group displayed
strong bilateral atrophy of the retrosplenial and pos-
terior cingulate cortices (two areas close to the
inoculation sites) relative to the control-inoculated
group (Fig. 3a-c, dark blue clusters in b-c; Additional
file 1: Table S4). Atrophy also involved temporal
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Fig. 3 Cerebral atrophy in Alzheimer-inoculated compared to control-inoculated mouse lemurs. a Statistical parametric maps depicting regions in
which cerebral tissue volume decreased in the Alzheimer-inoculated group compared to the control group. The color-coded blobs show
statistical differences between Alzheimer-inoculated animals and control-inoculated mouse lemurs. Images follow the radiological convention (i.e.
left hemisphere is on the left). Slices are spaced 0.5 mm apart along the rostro-caudal axis (voxel-based morphometric parameters: FDR-corrected
p < 0.05; extent threshold k= 10; map represents t values). Lateral b and (c) dorsal 3D representations of atrophied areas. Orientation of the brain
is explained by the crossing arrows, and letters. A: anterior; P: posterior; D: dorsal; V: ventral; L: left; R: right; EC: entorhinal cortex; DB: diagonal
band of Broca; Am: amygdala; Hip: hippocampus; nST: nucleus stria terminalis; Fx: fornix; Cd: caudate nucleus; Pva: peri-third ventricle area; IT:
inferotemporal cortex; PC: posterior cingulate cortex; RS: retrosplenial cortex. Orange arrow and crosses represent the injection coordinates. Dark
blue clusters represent voxels with significant atrophy in the posterior cingulate and retrosplenial cortex. Light blue clusters represent voxels with
significant tissue atrophy in the temporal areas of the brain (including the hippocampus, entorhinal cortex, amygdala, and lateral and inferior
temporal cortices) as well as the diagonal band of Broca, fornix, and nucleus stria terminalis. Gray clusters represent other significant voxels. Maps

groups, respectively, at 12, 15, and 18 mpi

derived from MRI recorded on n =6 animals per group at 0, 3, 6, and 9 mpi and n=6 and 4 animals in the Alzheimer- and control-inoculated

regions, including the hippocampus, entorhinal cortex,
amygdala, and inferior temporal cortex (Fig. 3a-c,
light blue clusters in b-c) with greater atrophy in the
left hemisphere as compared to the right hemisphere.
We also detected atrophy in the diagonal band of
Broca, fornix, stria terminalis, parietal cortex, and
caudate nucleus (Fig. 3a-c, gray clusters in b-c¢; Add-
itional file 1: Table S4). Follow-up of the atrophied
regions showed that the process was mild at 6 mpi
and mainly developed from 6 to 12 mpi. Thus, atro-
phy was not associated with an acute effect of the in-
oculation and continued to spread from 12 to 18
mpi, although to a lesser extent (Additional file 7:
Figure S6).

Alzheimer’s disease brain inoculation induces neuronal
loss

Mouse lemurs were euthanized at 18 mpi, at 5.0 £ 0.2
years of age. Serial sections of the entire brains were
stained with NeuN antibody and neurons counted in
the hippocampus, entorhinal and cingulate/retrosple-
nial (RS) cortices by unbiased stereology (Fig. 4a-c).
There was significant neuronal loss in the CA3 pyr-
amidal layer of the hippocampus (p=0.02) and in
layers II (»p=0.03) and III to VI (III-VI, p=0.03) of
the entorhinal cortex (Fig. 4d-f). Neuronal counts in
these three structures positively correlated with each
other (all p <0.02). Neuronal counts in the CA1/2 re-
gion of the hippocampus, layer I of the entorhinal
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Fig. 4 Neuronal loss in Alzheimer-inoculated mouse lemurs. NeuN staining of the dorsal hippocampus in animals of the (a) control- (CTRL) and
(b) Alzheimer-inoculated (AD) groups. CA1/2 and CA3 are highlighted. ¢ Stereological counting revealed a reduction in the number of NeuN-
positive neurons in the CA3. NeuN staining of the entorhinal cortex (EC) in control- (d) and Alzheimer-inoculated (e) groups. EC-l, EC-II, and EC-III-
VI represent the different layers of the entorhinal cortex. f Stereological counting revealed a reduction in the number of NeuN-positive neurons in
layers Il and IIIl-VI of the EC. NeuN staining of the cingulate/retrosplenial cortex (Cg/RS) in control- (g) and Alzheimer-inoculated (h) groups. i
Stereological counting did not reveal changes of NeuN-positive neurons in the Cg/RS. Scale bars: 100 um. *p < 0.05, Mann-Whitney test. Scatter
plots display median and interquartile interval. CTRL-inoculated animals are in blue, AD1-inoculated in green and AD2-inoculated in red

cortex, and cingulate/retrosplenial cortex were not
significantly affected by inoculation with Alzheimer’s
disease brain homogenates (Fig. 4g-i). We did not de-
tect any difference in neuronal counts in the animals
inoculated with tissue homogenates from the two
Alzheimer brains.

Alzheimer’s disease brain inoculation induces -amyloid
and tau lesions

We then evaluated mouse lemur brain sections for A and
tau pathologies (Table 1). In two out of five Alzheimer-
inoculated mouse lemurs AP and tau deposits were de-
tected close to the inoculation sites (Figs. 5 and 6). In the

three other Alzheimer-inoculated animals AB deposits were
also detected, but tau was not detected. Neither type of
deposit was detected in the control-inoculated animals. -
amyloid deposits were found as B-amyloid plaques (Figs.
5a-b, 6) as well as bands of parenchymal -amyloid deposits
surrounding white matter tracts (Figs. 5f-g and 6) in
animals inoculated with tissue homogenates from the two
Alzheimer brains (AD1 and AD2). B-amyloid angiopathy
was detected only in one animal inoculated with the tissue
homogenate from the Alzheimer brain displaying pB-
amyloid angiopathy (Fig. 5c-e). Tau lesions were detected
using different antibodies including AT8, MC1 and AT100
(Fig. 5h-q), and were mainly in the form of neuropil threads
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Table 1 3-amyloid and tau lesions in mouse lemurs of the
Alzheimer- (AD) and control-inoculated (CTRL) groups. f3-
amyloid plaques or 3-amyloid angiopathy (CAA) were detected
only in Alzheimer-inoculated animals. Tau lesions detected in
two Alzheimer-inoculated animals (AT8, MC1 and AT100
antibodies). * correspond to two animals that were euthanized
at 12 months post inoculation. AD1 displayed (3-amyloid
angiopathy, high AB;_4o and low AB;_4; levels. AD2 did not
display angiopathy and had low A 40 and high AB;_4 levels

Group  Animal B-Amyloid ~ Tau - AT8 Tau-MC1  Tau- AT100
AD2 2658 + (plaques)  ++ ++ ++
AD2 260B + (plaques)  ++ ++ ++
AD1 169ABC  + (plaques) 0O 0 0
AD2 190IAB + (plaques) 0 0 0
AD1 211DBA £ (CAA) 0 0 0
CTRL ~ 189CBD 0 0 0 0
CTRL  190IC 0 0 0 0
CTRL  169ABB 0 0 0 0
CTRL 259BB* 0 0 0 0
CTRL 213ABA* 0O 0 0 0

(Fig. 5j-n). Intracellular tau positive structures were also
detected in the form of globular tau positive cells, horse-
shoe and punctiform tau accumulation (Fig. 50). We also
found rare somatodentridic inclusions (Fig. 5k, p) as well
as immunoreactive neurites with varicosities or “strings of
beads” labeling (Fig. 5k), a pattern that is considered indi-
cative of early changes in the process of tau-related neuro-
fibrillary degeneration [39, 40]. Tau lesions were not
colocalized with oligodendrocytes (Fig. 5q), but they were
always seen in regions in which p-amyloid could be
detected (Fig. 5h-i and 6). The two animals displaying tau
lesions were inoculated with different Alzheimer brain
samples (one animal inoculated with AD1 and one animal
inoculated with AD2). To further evaluate the impact of
the induced tau pathology on the clinical/neuropatho-
logical outcomes, we split the Alzheimer-inoculated ani-
mals into two subgroups of tau-positive and tau-negative
animals (Additional file 8: Figure S7). The two animals
displaying tau lesions had the worst memory scores at 18
mpi as well as the lowest neuronal counts in the CA3 re-
gion of the hippocampus.

Interestingly, B-amyloid depositions and tau inclusions
could be visualized in several coronal brain sections
encompassing the injection sites and the levels up to 1
mm anterior and 1 mm posterior to the injection site,
and up to ~2mm away from the injection site in the
section plane, suggesting the spreading of the lesion
(Figs. 5 and 6).

We also focused on 4G8-positive intracellular
staining that reflects APP/APB deposition in mouse
lemurs [18, 19]. Intracellular staining was measured
in both groups (Additional file 9: Figure S8), but
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there were no statistically significant differences be-
tween Alzheimer- and control-inoculated groups ei-
ther in particular structures like the hippocampus
(Additional file 9: Figure S8d), the caudate and puta-
men (not shown) or in the whole brain (Additional
file 9: Figure S8h).

We did not detect obvious signs of astrocytic reactivity in
any mouse lemur (Fig. 7a-b, e), and the evaluation of
microglial reactivity did not reveal any difference between
the Alzheimer- and control-inoculated groups (Fig. 7c-d, f).
These results are consistent with the lack of differences in
inflammation detected in APP/PS14g¢ mice between both
groups (Additional file 5: Figure S4g-j).

Discussion

This study demonstrated that inoculation of Alzheimer’s
disease brain homogenates in middle-aged mouse lemurs
induces alterations of long term memory and progressive
loss of learning ability, modifications of neuronal activity
detected by EEG, widespread and progressive cerebral at-
rophy, and neuronal loss in the hippocampus and entorhi-
nal cortex. The Alzheimer’s disease brain homogenates
that induced these alterations accelerated the occurrence
of B-amyloid and tau lesions in transgenic mouse models
of B-amyloid or tau. This result in mice is consistent with
the literature [7, 8]. f-amyloid and tau lesions were also
induced in mouse lemurs by inoculation with Alzheimer’s
disease brain homogenates but not with the control brain
homogenates. These lesions were localized close to the in-
oculation sites, which supports the role of the Alzheimer’s
disease brain homogenates in inducing them. This is the
first direct evidence of transmission of both p-amyloid
and tau lesions in a non-transgenic animal. Interestingly,
the lesions observed in mouse lemurs were sparse while
they were more severe in transgenic mice. Thus, experi-
mental transmission using the same Alzheimer’s disease
brain homogenates leads to differential effects in different
species.

Alzheimer’s disease is characterized by the pres-
ence of substantial amount of B-amyloid plaques [41,
42] in association with tau pathology [3]. In humans,
the absence of these lesions precludes the diagnosis
of Alzheimer’s disease. Brains of Alzheimer patients
are also characterized by neuronal loss that exceeds
tau pathology [2] and cerebral atrophy. Studies of
the impact of experimental inoculation of Alzheimer
brain homogenates in mice usually focus only on B-
amyloid and tau lesions, but do not reveal conse-
quences of inoculations on clinical signs, neuronal
alterations or cerebral atrophy, despite the import-
ance of these signs for Alzheimer’s disease. In the
mouse lemurs of this study while the sparsity of the
induced amyloid and tau lesions do not directly sup-
port a diagnosis for an “Alzheimer-like” pathology,

226



Gary et al. Acta Neuropathologica Communications (2019) 7:126

Page 15 of 21

Fig. 5 (See legend on next page.)
.

the encephalopathy developed by the inoculated le-
murs is clinically relevant as it was associated with
cognitive alterations, widespread cerebral atrophy,
modifications of neuronal activity, and neuronal loss.
Further, this encephalopathy is likely related to

Alzheimer pathology as it was induced by inocula-
tion of Alzheimer brain homogenates (and not con-
trol homogenates) and because the inoculated
animals presented with p-amyloid and tau lesions
even if they were sparse.
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(See figure on previous page.)

(insets in a-b, e-i), 50 um (c-e, j-m, q), 10um (n-p)

Fig. 5 Amyloid depositions and tau inclusions in Alzheimer-inoculated mouse lemurs. a, b 3-amyloid plagques (insets, arrows) revealed in two
brain sections, immunostained for AB (4G8), separated from 1 mm in an animal from the Alzheimer-inoculated group. The inoculation site is
shown with an open arrow (b). 3-amyloid could also be detected in blood vessels (c-e) as well as in the parenchyma (f-g) close to the corpus
callosum (arrows, images in f-g correspond to frames in a-b). Immunostaining for tau lesions using AT8 (h, j, k, 0), MC1 (I) and AT100 (i, m-n, p).
h-i frames display the same regions as the ones shown in (f-g): tau lesions (arrows) were detected in the same regions as AR. j-n are magnified
images showing tau in neuropil threads (arrows). Intracellular tau positive structures were also detected in the form of globular positive cells
(arrow), horseshoe intracellular accumulation (dotted arrow) and punctiform intracellular accumulation (arrowhead) (o). Rare somatodentridic
inclusions (arrowhead k, p) as well as immunoreactive neurites with varicosities or "strings of beads" labeling (k: dotted arrow) were also
detected. Tau stainings were counterstained with cresyl violet to identify neurons in (h-p). q displays AT8 sections double-stained for
oligodendrocytes. Tau-positive lesions were not colocalized with oligodendrocytes (AT8 (brown) and Olig2 (red)). Scale bars: 1 mm (a-b), 200 um

The neuronal loss reported in the mouse lemurs inocu-
lated with Alzheimer’s disease brain homogenates involved
the CA3 region of the hippocampus as well as the layers II
and III to VI of the entorhinal cortex. These alterations are
consistent with the macroscopic atrophy detected in the
hippocampus and entorhinal cortex by MRI The
Alzheimer-inoculated animals also displayed a macroscopic
atrophy of the retrosplenial and posterior cingulate cortices.
The CA3 region is connected with layers II and III of the
entorhinal cortex by the perforant path [43], and layer II of
the entorhinal cortex is connected to the retrosplenial and

the posterior cingulate cortices [44]. Thus, the atrophy oc-
curred within an organized network rather than randomly
in the brain. This network connecting CA3, layer II of the
entorhinal, retrosplenial and posterior cingulate cortices is
strongly involved in memory for contextual information
that is important for the long-term retention of a simple
visual discrimination task [45, 46]. Its alteration in
Alzheimer-inoculated mouse lemurs is thus consistent with
their memory impairments. In addition to the neuronal
loss, we found progressive impairments of neuronal activity
detected first at a lower delta frequency and then at a

Fig. 6 Diffusion of 3-amyloid deposits and tau inclusions in Alzheimer-inoculated mouse lemurs. Immunostaining of Ap (4G8, a-e, k-o (magnified
views)) and tau (AT8, f-j, p-y (magnified views)) in 5 successive brain sections. u-y displays magnification of the tau-positive lesions from (f-j) or
(p-t). B-amyloid and tau deposits (a-t) were seen exactly at the same locations (arrows). They spread from the inoculation site (open arrow in b,
) to regions localized one millimeter ahead and behind the inoculation site (A1.50 mm to P0.50 mm correspond to spatial references in the Bons
atlas [31]). Scale bars: 1 mm (a-j), 200 um (k-t), 50 um (u-y)
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Fig. 7 Lack of glial reactivity in inoculated lemurs. a-b, Immunostaining of astrocytes (GFAP) in the hippocampus (H) and parietal cortex (P) of
control (a) and Alzheimer-inoculated (b) animals. Regional differences are seen including lower GFAP-immunoreactivity in the cortices which is
generally found in lemurs. No qualitative difference in astrocyte morphology was detected between control- and Alzheimer-inoculated animals.
Scale bars: main frame: 1T mm; inserts: 50 um. (¢) Quantitative evaluations of astrocyte reactivity did not provide evidence of changes in GFAP-
immunoreactivity or astrocyte morphology between control- and Alzheimer-inoculated animals (Mann-Whitney tests). d-f Microglia reactivity was
evaluated by western blot analysis (Iba1). The unstained -UV activated- blot used for total protein amount normalization is presented in (d), while
the blot probed with Iba-1 antibody showing a specific 16kD band is displayed in (e). f Quantitative evaluations of the blots did not show any
difference between Iba-1 expression in control- and Alzheimer-inoculated animals (Mann-Whitney test). Scatter plots display median and
interquartile interval. CTRL-inoculated animals are in blue, AD1-inoculated in green and AD2-inoculated in red. N =6 animals per group. FC:
frontal cortex; EC: entorhinal cortex; Am: amygdala; Hip: hippocampus; Cg/RS: cingulate cortex/retrosplenial cortex

higher theta frequency in EEG measures. This suggests a  they would have developed stronger neuropathological le-
long-distance functional impact of the pathological brain  sions if they had lived longer. Indeed, B-amyloid and/or
homogenate on neuronal network activity. tau accumulation in non-human primates has been re-

Mouse lemurs were euthanized 18 months after inocula-  ported to take many years [11]. However, since in humans
tion of brain homogenates as they displayed clinical signs ~ with Alzheimer’s disease the amyloid or tau lesions occur
including cognitive alterations, modifications of neuronal  before cognitive alterations, cerebral atrophy or neuronal
activity detected by EEG, and cerebral atrophy. The lack loss [47], we expected to detect stronger f-amyloid and/or
of severe f-amyloidosis, tau lesions or neuroinflammation  tau lesions in lemurs that displayed clinical signs. These
in their brains despite their clinical signs is intriguing. p-  expectations were based on the facts that primates: i. nat-
amyloid and tau lesions were detected 4 and 1 mpi in  urally express f-amyloid or tau under normal conditions;
mouse models of amyloidosis and tauopathy, respectively.  ii. are genetically more similar to humans than transgenic
Thus the Alzheimer brain homogenates that we used are  mouse models of Alzheimer’s disease [48]; and iii. Can
able to induce B-amyloid and tau lesions relatively quickly — naturally display age-related cerebral atrophy associated
in mice. We made the choice to follow up the mouse le-  with cognitive changes [16], all resulting in primates being
murs up to 18 months after inoculation, where they reach  relevant models to explore impact of experimental inocu-
around 5years and are considered as middle-aged, in lation of Alzheimer brain homogenates that cannot be
order to avoid age-related cognitive or neuropathological  evaluated in mouse models. With this in mind, one inter-
impairments. Thus, we cannot rule out the possibility that  pretation of the observed presence of encephalopathy not
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associated with a strong inflammatory process, p-amyloid
or tau deposition following Alzheimer brain homogenate
intracerebral inoculation lies in research on prion diseases.
Indeed, the induction of clinical signs and neuronal death
in the absence of detectable pathological protein accumu-
lation after inoculation of brain homogenates was previ-
ously reported for classical prion diseases [49]. In prion
diseases, this is explained by the presence of soluble
agents that are thought to be neurotoxic [50]. Further, as
soluble, oligomeric, forms of f-amyloid [51] and tau [52]
are known to be toxic for the brain, one possible explan-
ation for our results is that inoculation of human Alzhei-
mer brain homogenates led to the production of such
oligomers that were toxic for neurons. The two animals
presenting with aggregated tau lesions had the worst mem-
ory scores and the lowest neuronal density in CA3. Given
the low density of these tau lesions, we rule out that they
directly induced neuronal loss. However, they could be as-
sociated with soluble forms of tau, an entity that induces
more neuronal loss than aggregated tau proteins [53]. One
can however not exclude the influence of other as yet un-
identified factors leading to the reported encephalopathy.

Although the evidence for cognitive and patho-
logical alterations in Alzheimer’s brain-inoculated
middle-aged animals emphasizes our findings, one
limitation of the current study is that it was de-
signed to focus on neuropathological alterations and
brains were perfused with paraformaldehyde, which
limited our ability to perform biochemical analysis.
Future studies should include more in-depth examin-
ation of biochemical changes following Alzheimer
brain inoculation. Thioflavin-T binding affinity
should be used to assess the fibrillary nature of the
B-amyloid and tau compounds present in animal
brains [54]. B-amyloid and tau oligomers should then
be evaluated by mass spectrometry [55], RT-QuiC
analysis [55], immunoprecipitation experiments, and
fast protein liquid chromatography [54]. Atomic
force microscopy as well as a newly developed
ELISA-like technique called sFIDA (Surface-Based
Fluorescence Intensity Distribution Analysis Assay)
should also be used to further describe the oligomers
and their size [54, 56].

Another potential limitation of the study may be the
small size of the animal groups that can be reached while
working with primates. Using results from our studies
(mean/standard deviation obtained for the different
measures, proportion of animals displaying with amyloid or
tau pathologies in our experimental groups) we could esti-
mate the sample size to compare groups of control- and
Alzheimer-inoculated animals assuming a significance level
of 5%, a power of 80%, and two-sided tests (Additional file
1: Table S5, [57]). In mouse lemurs, small number of ani-
mals (n<5) per arm are required to detect memory
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alterations or EEG changes after 6 mpi as well as cerebral
AP deposition at 18 mpi. Detection of neuronal loss in the
CA3 as well as in layers II and III to VI of the entorhinal
cortex requires from 5 to 8 animals. These values should be
compared to estimations of sample sizes in mice that re-
quire from 1 to 8 mice to assess tau or amyloid deposition.
They show that the number of mouse lemurs required to
obtain scientific results is in the same range as the one re-
quired for transgenic rodents. Mouse lemurs however pro-
vide new types of information as they can spontaneously
display amyloid or tau lesions on a wild-type/primate gen-
etic background as well as neuronal loss associated to clin-
ical outcomes. They can be ideal models to assess the
impact of various amyloid/tau strains on disease occurrence
or the role of oligomers on clinical outcomes in primates.

In conclusion, our results indicate that Alzheimer’s dis-
ease brain homogenate inoculation induces an encephalop-
athy characterized by neuronal loss, progressive atrophy,
neuronal activity alterations and cognitive impairments as
well as sparse f-amyloid and tau depositions. The clinical
signs can be explained by the neuronal loss, cerebral atro-
phy and neuronal networks dysfunction. Tau lesions may
be a strong determinant, but not the only one, in the induc-
tion of the neuronal loss and clinical outcome. Further
studies are necessary to evaluate the nature of relationships
between the different lesions induced by Alzheimer’s dis-
ease brain homogenate inoculation and to assess the mech-
anisms leading to encephalopathy induced by these
inoculations.
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Supplementary Tables

Braak
. and Thal Age Post-mortem . .
Patient Immunohistochemistry
Braak | phase | (years) | delay (hours)

stage

Tau-positive
(ATS, Innogenetic, 1/500)
AB-positive, including amyloid

angiopathy (6F3D, Dako, 1/200)

ADI VI 5 76 10

Alpha-synuclein-negative

(LB509, Zymed, 1/250)

Tau-positive

(ATS, Innogenetic, 1/500)
AB-positive, without amyloid
angiopathy (6F3D, Dako, 1/200)

AD2 VI 4 83 21

Alpha-synuclein
negative (LB509, Zymed, 1/250)

Tau-negative

(ATS, Innogenetic, 1/500)
AB-negative

(6F3D, Dako, 1/200)

CTRL 0 0 69 6

Alpha-synuclein-negative
(LB509, Zymed, 1/250)

Suppl. Table 1 Human brain sample characteristics and staging. Human parietal cortex
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samples were obtained from two Alzheimer’s patients (AD1 and AD2) and one control
(CTRL) individual. They were tested for several pathologies by the French reference
laboratory (C. Duyckaerts, Pitié-Salpétriére hospital, Paris, France). Only the Alzheimer

brains presented Alzheimer lesions. No other pathologies were detected in the brains.
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Experimental protocol Before : ¢ ’ 12 P '8
inoculation | mpi | mpi | mpi | mpi mpi mpi

Rotarod test X X X X
Learning tasks X X X X
Long-term memory tasks X X X
Electroencephalography X X X

MRI and atrophy evaluation X X X X X X X
Immunohistochemistry X
Stereological evaluation of

neuronal loss (NeuN) x
Evaluation of amyloid (4GS8)

and tau (ATS, MC1, ATI100) X

lesions

Suppl. Table 2 Schedule of the experimental protocol. mpi: months post-inoculation. MRI:

magnetic resonance imaging.
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Brain SSF | NES | ACF x-y steps | ASF | TSF-um CE Sampled cells
regions (um?) | (um) mean+=SEM | mean+SEM | per animal
CAl1/2 1/10|7-10 | 30*30 50-50 |0.36 | 11.63+0.03 | 0.037+0.002 | 430-700
CA3 1/10|5-7 |30*30 50-50 |0.36 | 11.63+0.03 | 0.064+0.002 | 485-760
EC-1 1/10|6 100*¥100 | 150-150 | 0.44 | 12.21+0.10 | 0.067+0.001 | 90-170
EC-II 1/10|6 30*30 | 75-75 0.16 [ 12.21+0.10 | 0.07340.000 | 400-530
EC-III-VI | 1/10 |6 50*50 | 150-150 |{0.11 |12.2140.10 | 0.064+0.000 [ 650-800
Cing/RS [1/10|5-8 |50*50 |150-150 |0.11 |11.59+0.07 | 0.056+0.001 | 1600-2500

Suppl. Table 3 Sampling parameters for stereological counting of NeuN-positive neurons.

SSF: Section sampling fraction; NES: Number of evaluated sections; ACF: Area of counting

frames; x-y steps: x-y steps between each counting frame; ASF: Area of the sampling
fractions; TSF: Thickness of the sampling fraction; CE: Coefficient of error; CA1/2: CA1/2
region of the hippocampus; CA3: CA3 region of the hippocampus; EC-1, EC-2, EC-1II-VI:

Layers I, II, III-VI of the entorhinal cortex; Cing/RS: Cingulate cortex/retrosplenial cortex.
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Brain regions

Peak

Cluster size | Peak p-value
T value
(voxels) FDR-corrected

Entorhinal cortex, amygdala, hippocampus and inferior

temporal cortex 1562 ok 0.0004 | 6.3952
Cingulate and retrosplenial cortices 1342 oAk 0.0004 | 6.3777
Diagonal band of Broca, fornix and nucleus and stria

erminalis 184 *E 0.0013 | 5.7422
Ventral hippocampus 103 * 0.0109 | 4.2790
Caudate nucleus 70 *E 0.0059 | 4.8479
Entorhinal cortex 59 * 0.0117 | 4.2231
Lateral temporal cortex 55 *E 0.0062 | 4.7998
Peri-third ventricule area 52 * 0.0112 | 4.2488
Inferior temporal cortex 47 * 0.0175 | 3.8968
Fornix and stria terminalis 33 *x 0.0061 | 4.8140
Parietal cortex 31 ok 0.0045 | 5.0162
Amygdala 30 * 0.0102 | 4.4005
Lateral temporal cortex 23 * 0.0221 | 3.6795
Amygdala 22 * 0.0267 | 3.4984
Parietal cortex 18 * 0.0227 | 3.6538
Amygdala 18 * 0.0255 | 3.5305
Inferior temporal cortex 17 * 0.0221 | 36785
Caudate nucleus 16 ok 0.0067 | 4.7113
Fornix 15 * 0.0172 | 3.9105
Inferior temporal cortex 15 * 0.0193 | 3.7971
Caudate nucleus 14 * 0.0233 | 3.6270
Inferior temporal cortex 13 * 0.0234 | 3.6142
Inferior temporal cortex 13 * 0.0140 | 4.0705
Entorhinal cortex 11 * 0.0135 | 4.1200
Parietal cortex 10 * 0.0108 | 4.3009
Amygdala 10 * 0.0255 | 3.5285

Suppl. Table 4 Brain regions with gray matter loss in the Alzheimer's disease-inoculated

group relative to the control-inoculated group. N = 6 animals per group at 0, 3, 6, 9 mpi and n

= 6 and 4 in the Alzheimer- and control-inoculated groups, respectively at 12, 15, and 18 mpi.

*p <0.05; **p <0.01; ***p <0.001.
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Species Measure mpi | Sample
size
Tau30"" mice Tau deposition in the soma of hippocampal neurons 1 1
APP/PS1dE9 mice | AP deposition in the hippocampus 4 8
Mouse lemurs Learning task D2 6 249
Mouse lemurs Learning task D3 12 10
Mouse lemurs Learning task D4 18 13
Mouse lemurs Memory Task D1r 6 1
Mouse lemurs Memory task D2r 12 3
Mouse lemurs Memory task D3r 18 2
Mouse lemurs EEG Delta 6 mpi 6 3
Mouse lemurs EEG Theta 6 mpi 6 4
Mouse lemurs EEG Delta 12 mpi 12 4
Mouse lemurs EEG Theta 12 mpi 12 9
Mouse lemurs EEG Alpha 12 mpi 12 3
Mouse lemurs EEG Sigma 12 mpi 12 3
Mouse lemurs EEG Beta 12 mpi 12 3
Mouse lemurs NeuN-CA3 18 5
Mouse lemurs NeuN-CA1-2 18 1067
Mouse lemurs NeuN-EC-1I-VI 18 8
Mouse lemurs NeuN-EC-1I 18 7
Mouse lemurs NeuN-EC-I 18 52
Mouse lemurs NeuN-Cg/RS 18 46
Mouse lemurs AP deposition in the brain 18 3
Mouse lemurs CAA in the brain 18 35
Mouse lemurs Tau deposition in the brain 18 15

Suppl. Table 5 Estimated sample size to compare control and Alzheimer-inoculated mice and

mouse lemurs assuming a significance level of 5%, a power of 80%, and two-sided tests. The

different effects were classified according to species (Tau30+/+ mice, APP/PS1dE9 mice or

mouse lemurs). mpi represents the time post inoculation for the measure. Sample size

represents the number of animal per experimental arm.
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Supplementary Figures

a . b Inoculation
Entering system

G Ompi 1 6mpi 12mpi 18mpi

Opaque screen
Nest Learning
Landing boards o3 tasks

with stimuli

Central station Long term > | €]
memory tasks O] =1

Suppl. Fig. 1 Cognitive test in mouse lemurs. a Pairwise visual discrimination task jumping-

stand apparatus. Lemurs had to jump from a central platform to one of two boards that
displayed different visual stimuli. One board gave access to a positive outcome (nest
containing a reward) and the other led to a negative (and non-rewarding) outcome (fall). An
increasing number of trials required to achieve the criterion indicates a performance decline.
b Schematic overview of the cognitive tasks. A learning task was performed before
inoculation (0 months post-inoculation (mpi)). Long-term memory tasks consisted of the
repetition of the discrimination task learned six months before. New learning tasks involving
novel pairs of stimuli were performed every six months, after long-term memory tasks (black

arrows: six months after; gray arrows: one day after).
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Suppl. Fig. 2 Characterization of human brain samples and homogenates. a-e
Immunohistochemical staining (6F3D antibody) for AP in the two Alzheimer samples (a-d)
and the control sample (g). a One subject (AD1) displayed amyloid angiopathy. The
arrowhead points to a capillary, wall of which is immunoreactive for ApB. The black arrow
points to a small artery with severe amyloid angiopathy, sometimes forming parenchymal
deposits. b The second patient (AD2) displayed numerous senile plaques, diffuse and stellate

deposits. A vessel without amyloid deposition is seen in the middle of the field (black
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arrows). No amyloid angiopathy was detected in that case. ¢-d Other sections from ADI1 (¢)
and AD2 (d) showing amyloid plaques (black arrows). Arrow heads (in ¢) correspond to
amyloid angiopathy. e-f, h Immunohistochemical staining (polyclonal anti-tau antibody) for
tau lesions of the same samples. Tau positive NFTs are indicated with arrows in the two
Alzheimer samples (e-f). Most of the brown labelling corresponds to neuropil threads.
Amyloid or tau lesions were not detected in the control subject (g, h). i-1 Biochemical
characterization of human brain homogenates. ABj4, (i) APj4o (j) were only detected in
Alzheimer brain homogenates (20% weight/volume, ELISA). The AD1 patient that displayed
more amyloid angiopathy also had more AP;.40 than AD2. k Typical shift of tau-Cter triplets
in the Alzheimer samples relative to control sample (western blot, black arrows) (Papegaey A

et al., Acta Neuropathol Commun 2016, 4: 74. https://doi.org/10.1186/s40478-016-0345-0).

Arrow head corresponds to GAPDH loading reference. (I) Pathological pS396-positive tau
smears were only detected in Alzheimer samples (western blot). Graphs display median and

interquartile interval. Scale bars: 50 um.
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Suppl. Fig. 3 Prion protein examination in human brain samples. Western blot patterns of
PrPres from control (CTRL) and Alzheimer (AD) brain samples displayed no signs of PrPres
pathology. T2A, PrPres type 2A control from a patient with sporadic CJD; T1, PrPres type 1
control from a patient with sporadic CJD; T2B, PrPres type 2B control from a patient with
variant CJD (Parchi P et al, Ann Neurol 1999, 46: 224-233.1999,
https://doi.org/10.1002/1531-8249(199908)46:2<224::AID-ANA12>3.0.CO;2-W).
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Suppl. Fig. 4 Ap and Tau pathology in mice after inoculation with human brain homogenates.
a-c¢ Acceleration of AP deposition (arrow) in the hippocampus of an Alzheimer-inoculated
APP/PS1,p mouse (b) four months after inoculation compared to a control-inoculated mouse
(a) (Bam10 staining, n = 6 and 16 control- and Alzheimer-inoculated mice, respectively). ¢
Quantification of the AP load, showing greater amyloid load in the Alzheimer-inoculated
group than in control-inoculated mice. Animals inoculated with the brain presenting with
amyloid angiopathy (AD1) had a higher amyloid load than the mice inoculated with the brain
without angiopathy (AD2) (p = 0.01). d-f Acceleration of tau deposition in the hippocampus

" mouse (e) one month after inoculation compared to a

of an Alzheimer-inoculated Tau30
control-inoculated mouse (d) (ATS8 staining, n = 5 and 10 control- and Alzheimer-inoculated
animals, respectively). f Quantification of the density of Tau-positive somas showed more tau
deposition in the Alzheimer-inoculated Tau30”" mice than control-inoculated mice. g-i
Similar GFAP staining in control- (g) and Alzheimer-inoculated (h) APP/PS1,g9 mice four
months after inoculation (n = 6 and 16 control- and Alzheimer-inoculated animals,

respectively). j-1 Similar Iba-1 staining in control- (j) and Alzheimer-inoculated (k)
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APP/PS1p9 mice four months after inoculation (n = 6 and 16 control- and Alzheimer-
inoculated animals, respectively). *p < 0.05, ***p < 0.001, Mann-Whitney tests. Scale bars:
main images: 500 pm; insets: 50 um. Scatter plots display median and interquartile interval.

CTRL-inoculated animals are in blue, AD1-inoculated in green and AD2-inoculated in red.
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Suppl. Fig. 5 Correlation between cognitive abilities and EEG delta frequency. Delta
frequency measured by EEG at 6 mpi inversely correlated with long-term memory
performance (Spearman's rank correlation test). n = 6 animals per group. CTRL-inoculated

animals are in blue, AD1-inoculated in green and AD2-inoculated in red.
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Suppl. Fig. 6 Time-dependent evolution of cerebral atrophy in inoculated lemurs. Rate of
atrophy evolution in Alzheimer- relative to control-inoculated animals between baseline and
6 mpi (a-d), 6 mpi and 12 mpi (e-h), and 12 mpi and 18 mpi (i-1). 3D representations of
atrophy rates between each time slot are presented in d (baseline to 6 mpi, green), h (6 to 12
mpi, orange), i (12 to 18 mpi, red). m-p show all the time slots on the same 3D views. a-d
The atrophy process was low from baseline to 6 mpi, suggesting a limited acute effect
induced by Alzheimer-brain inoculation. It involved mostly the amygdala and the ventral

portion of the retrosplenial cortex. Rate of atrophy was low in the posterior cingulate cortex

247



at this stage. e-h The atrophy rate was maximal from 6 to 12 mpi. At this stage, it continued
to involve the amygdala, the retrosplenial cortex in a more dorsal area and also reached the
hippocampus, and the posterior cingulate cortex. i-1 Evolution of the atrophy process was
more limited from 12 to 18 mpi and involved mainly the retrosplenial cortex and the
posterior cingulate cortex. EC: entorhinal cortex; Am: amygdala; Hip: hippocampus; PC:
posterior cingulate cortex; RS: retrosplenial cortex. The colored scale represents group-wise
differences in percentage local volume loss relative to baseline, calculated from the Jacobian

determinants of the image registration parameters.
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Suppl. Fig. 7 Impact of tau pathology on memory and neuronal loss. The group of animals

inoculated with Alzheimer brains was split into those displaying tau lesions and those without

tau lesions. The two tau-positive animals had the worst memory score at 18 months (a) as
well as the lowest neuronal counts in the CA3 region of the hippocampus (b). CTRL-

inoculated animals are in blue, AD1-inoculated in green and AD2-inoculated in red.
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Suppl. Fig. 8 Similar level of intracellular 4G8-positive structures in Alzheimer’s disease

and control-inoculated lemurs. Immunostaining with 4G8 in the hippocampus of Alzheimer’s
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disease- (a-c¢) and control-inoculated animals (f-h) showing intracellular labelling in both
groups. Quantification of intracellular labelling did not show any difference in the
hippocampus (e) or in the whole brain (j). d-i shows the same staining in an Alzheimer’s
disease-inoculated animal in the absence of primary antibody. Intracellular structures were
not detected when the primary antibody was omitted. Scale bars: 100 um (a, f, d); 50 um (b-
¢, g-i). Scatter plots display median and interquartile interval. CTRL-inoculated animals are

in blue, ADI-inoculated in green and AD2-inoculated in red.
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3.1. Context, objectives & abstract

3. Transmission of AP and tau pathologies is
associated with cognitive impairments in a primate

3.1. Context, objectives & abstract

AD definite diagnosis relies on the occurrence and spreading of both AB and tau depositions
in the brain, along with characteristic clinical manifestations (McKhann et al.,, 2011).
Neuropathological observational studies in humans have suggested the iatrogenic
transmission of AP pathology in patients exposed to compounds (cadaver-sourced human
growth hormone, dura mater) or neurosurgical tools contaminated with AR (Duyckaerts et al.,
2018; Hervé et al., 2018; Jaunmuktane et al., 2015b). Evidence of tau iatrogenic transmission
is not as widely reported as for AP and is still debated (Jaunmuktane et al., 2021). In addition,
there is little information regarding the cognitive and clinical impacts of AB and tau iatrogenic

transmissions.

In this third study, we aimed to characterize the transmission of AR and tau pathologies as
well as downstream clinical manifestations in mouse lemurs, using AD brain extracts
inoculations and following an inoculation paradigm different from the one used in the
previous article (see Results chapter — § 2. Encephalopathy induced by AD brain inoculation
in a non-human primate). Thus, | developed and validated a new stereotactic injection
procedure to promote the seeding and spreading of AR and tau seeds throughout the brain
and improve surgical accuracy. In this study, AD brain extracts were inoculated in the posterior
cingulate cortex and underlying corpus callosum of young 1.5-year-old mouse lemurs

(n=6/group).

We showed that, using our new methodology, the intracerebral inoculation of AD brain
extracts into mouse lemur primates systematically leads to AP and tau depositions in several
brain regions, both close to and distant from the inoculation sites, following a 21-month-long
incubation period. Progressive cognitive impairments and widespread cerebral atrophy were
also induced in comparison with control brain-inoculated lemurs, and limited
neuroinflammation was detected. These results were replicated using two different batches
of AD brain extracts. This is the first study demonstrating the transmission of an AD-like

phenotype in a primate that includes both AD neuropathological lesions, e.g. widespread AB
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3. Transmission of AP and tau pathologies is associated with cognitive impairments in a
primate

and tau deposits and AD clinical hallmarks, e.g. cognitive decline and brain atrophy. Taken
together, this suggests that AD brain extract-inoculated primates, expressing physiological
levels of endogeneous AB and tau, could be used as relevant models of Alzheimer pathology.
Additionally, our experimental data support recent studies suggesting that both AB and tau
pathologies can be iatrogenically transmitted in humans. They also outline that such
transmission could be associated with cognitive impairments and cerebral atrophy, therefore
emphasizing the need for a systematic monitoring of morphological and functional alterations

in individuals at risk of developing iatrogenic AB and tau pathologies.

3.2. Article

Published in Acta Neuropathologica Communications (https://doi.org/10.1186/s40478-021-
01266-8).

Lam S., Petit F., Hérard AS., Boluda S., Eddarkaoui S., Guillermier M., The Brain Bank Neuro-
CEB Neuropathology Network, Buée L., Duyckaerts C., Haik S., Picq J.L., Dhenain M.
Transmission of amyloid-beta and tau pathologies is associated with cognitive impairments in

a primate. Acta Neuropathol. Commun. 9, 165. 2021.
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Abstract

Amyloid-f3 (ARB) pathology transmission has been described in patients following iatrogenic exposure to compounds
contaminated with AR proteins. It can induce cerebral AR angiopathy resulting in brain hemorrhages and devastating
clinical impacts. latrogenic transmission of tau pathology is also suspected but not experimentally proven. In both
scenarios, lesions were detected several decades after the putatively triggering medico-surgical act. There is however
little information regarding the cognitive repercussions in individuals who do not develop cerebral hemorrhages.

In the current study, we inoculated the posterior cingulate cortex and underlying corpus callosum of young adult
primates (Microcebus murinus) with either Alzheimer’s disease or control brain extracts. This led to widespread A

and tau pathologies in all of the Alzheimer-inoculated animals following a 21-month-long incubation period (n=12)
whereas none of the control brain extract-inoculated animals developed such lesions (n=6). AR deposition affected
almost all cortical regions. Tau pathology was also detected in AB-deposit-free regions distant from the inoculation
sites (e.g. in the entorhinal cortex), while some regions adjacent, but not connected, to the inoculation sites were
spared (e.g. the occipital cortex). Alzheimer-inoculated animals developed cognitive deficits and cerebral atrophy
compared to controls. These pathologies were induced using two different batches of Alzheimer brain extracts. This is
the first experimental demonstration that tau can be transmitted by human brain extracts inoculations in a primate.
We also showed for the first time that the transmission of widespread Af3 and tau pathologies can be associated with
cognitive decline. Our results thus reinforce the need to organize a systematic monitoring of individuals who under-
went procedures associated with a risk of A and tau iatrogenic transmission. They also provide support for Alzheimer
brain-inoculated primates as relevant models of Alzheimer pathology.

Keywords: Amyloid-(3 pathology, Alzheimer’s disease, Cerebral atrophy, Prion, Tau pathology, Transmission

Introduction homologous normal host cell proteins which are continu-

Prion diseases can occur after iatrogenic transmission of
misfolded prion proteins. The aberrant proteins propa-
gate by imposing their abnormal conformation on the

*Correspondence: marc.dhenain@cea.fr

! Laboratoire des Maladies Neurodégénératives, Université Paris-Saclay,
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B BMC

ally produced in the natural course of cellular metabo-
lism. Neuropathological observational studies in humans
have suggested that amyloid-f (AP) pathology is trans-
missible through a similar mechanism to that of acquired
prion diseases [17]. To date, 76 cases of AP pathology
have been reported following exposure to cadaver-
sourced human growth hormones [9, 17], dura mater
grafts [14] or after cerebral surgeries with instruments

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.
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contaminated with AP [9, 21]. The pathology occurred as
AP plaques in the brain as well as vascular A pathology
that could be associated with fatal cerebral hemorrhages.
Observational evidence of tau iatrogenic transmis-
sion is not as widely reported as for AB. A recent article
detected tau lesions after incubation periods exceed-
ing three decades in patients with iatrogenic A pathol-
ogy [16]. However, because of the long incubation time
in humans, it remains difficult to determine whether the
AP and tau pathologies were really transmitted. Another
critical question is whether, in the absence of severe cer-
ebral hemorrhages, A and/or tau transmissions can lead
to cognitive impairments.

Experimental studies in transgenic mice overexpressing
AP precursor protein (APP) have shown transmissibil-
ity of AP pathology after the intracerebral inoculation of
Alzheimer’s disease (AD) brain extracts [26]. Transmis-
sion of tau pathology is also described in mice overex-
pressing mutated tau proteins [6]. The host in which the
proteopathic seeds are inoculated provides the biochemi-
cal and physiological environment that modulates lesion
emergence and functional impact [18]. Transgenic mouse
models of AP or tau pathology rely on high AB produc-
tion or mutated tau protein expression, respectively.
Thus, one key limitation of these models is that they
provide a very different brain environment from the one
found in human brains. Because of their phylogenetic
proximity, primates have a brain environment closer to
the human brain. A long-term study on marmosets (Cal-
lithrix jacchus) revealed the induction of sparse amy-
loidosis 3.5 years after intracerebral inoculations of AD
brain homogenates [2, 23, 34]. However, tau pathologies
or other AD-like features were not reported, even seven
years later.

Mouse lemurs (Microcebus murinus) are small pri-
mates with an AP, ,, sequence that is homologous to
that of humans [37], while mice differ by three amino
acids [8]. Protein sequence issued from gene for Microtu-
bule Associated Protein Tau (MAPT) has 94.3% identity
with human gene, while murine MAPT gene has 88.8%
identity (Additional File 1: Fig. S1a). Recently, our group
showed that following an 18-month-incubation period,
AD brain inoculations in the hippocampus and overly-
ing cortex of mouse lemurs can lead to cognitive decline,
functional alterations and cerebral atrophy associated
with neuronal loss, but very sparse AP and tau depos-
its [11]. In the present study, we inoculated the poste-
rior cingulate cortex and underlying corpus callosum
of young adult mouse lemurs with either AD or control
brain extracts. The posterior cingulate cortex was chosen
as it is a functional cerebral hub in mouse lemurs [10].
The corpus callosum was chosen based on the assump-
tion that migration of seeds could follow white matter
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tracts. As fragmentation of AP seeds by extended soni-
cation was shown to increase seeding capacity of brain
extracts [20], we carefully sonicated the inoculated sam-
ples. Following a 21-month incubation period, all of AD-
inoculated mouse lemurs (n=12) developed extensive
AP and tau pathologies in several brain regions, provid-
ing evidence for the spreading of these pathologies in the
brain. Animals inoculated with control-brain extracts
did not develop any A plaques or tau deposits. Similar
results were replicated using two different types of AD-
brain extracts. AD-inoculated animals also developed
progressive cognitive impairments and cerebral atrophy.

Results

Tau isoforms in mouse lemurs

In humans, MAPT gene can produce a variety of iso-
forms by alternative splicing. In normal adult human
brain there are six isoforms that differ by sequences
from exons 2 and 3 that encode N-terminal sequences,
and exon 10 that encodes a microtubule binding repeat
sequence. When this latter exon is present there are four
microtubule binding repeats (4R-tau) and when absent
there are three microtubule-binding repeats (3R-tau)
[24]. In adult humans, all six brain isoforms are present
leading to the presence of both 4R and 3R tau [15]. In
adult wild-type mice, the 4R tau is the only isoform [24].
Analysis of tau isoforms in mouse lemurs by immunob-
lots showed that mouse lemurs present with both the 4R
and 3R isoforms, while the isoforms corresponding to
exon 2 were not detected due to either their absence or
differences in the protein sequence (Additional File 1: Fig.
S1b).

Characterization and inoculation of human brain
homogenates

We prepared two brain homogenates from sporadic AD
patients, with each homogenate consisting of a combi-
nation of four brain extracts from patients with either a
slowly evolving form of AD (defined by a disease dura-
tion of 5 to 8 years (AD1)) or a rapidly evolving form of
AD (defined by a disease duration of 6 months to 3 years
(AD2)). A third "control" homogenate, was prepared
from the brains of two non-demented individuals (Ctrl).
The characteristics of the selected subjects are presented
in Additional File 1: Table S1 and Additional File 1: Fig.
S2. The amount of AP, tau and neuroinflammatory pro-
teins differed slightly between the brain homogenates,
as the AD2 brain extract displayed more total tau and
phospho-taul81, but less APB,; and AP,, than the AD1
one (Additional File 1: Fig. S2g-1). Ibal and GFAP levels
were similar in the two AD homogenates (Additional
File 1: Fig. S2m-o0). Brain homogenates were bilater-
ally inoculated into the posterior cingulate cortex and
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underlying corpus callosum of young-adult 1.5-year-old
mouse lemurs (6.25 pl/site, n=6/group). This corre-
sponded to 33.75, 34.56 and 34.37 pg of total proteins per
site, respectively for the Ctrl, AD1 and AD2 groups. This
corresponds to 0, 0.75 and 1 pg of AP42 and 0, 0.063 and
0.125 pg of phospho-taul8l. As depicted in Additional
File 1: Fig. S3 showing regions connected to the poste-
rior cingulate, the needle tract passed through the medial
part of the parietal cortex (Broadman area 7) [27].

A pathology induction and spreading after AD brain
inoculation

Mouse lemurs were euthanized at 21 months post-inocu-
lation (mpi) and their brains were studied by histology. All
of AD-inoculated animals (n=12) developed AP deposits
(Figs. 1, 2, 3 and 4), whereas none of the Ctrl-inoculated
animals displayed any AP pathology (n=6, Fig. 5a-b).
These deposits were detected using 4G8 (Fig. 1a, c, g—h)
or AP42 (Fig. 1b, d) antibodies as well as a Thioflavin S
staining (Fig. le—f). They occurred in the forms of dif-
fuse (Fig. 1la—b) and dense (Fig. 1c—f) parenchymal Ap
plaques or AP angiopathy affecting cortical and hip-
pocampal vessels (Fig. 1g—h), although angiopathy was
less prominent than parenchymal deposits. AP pathology
spread widely throughout the brain and was detected in
most cortical regions (Figs. 2, 3, 4a, c—f). Indeed, animals
from both AD-inoculated groups showed AP deposi-
tion in the inoculated posterior cingulate cortex (Figs. 2i,
3a) and/or around the needle tract in the parietal cortex
(area 7) (Figs. 2l-n, 1, 3b). Adjacent regions including the
retrosplenial cortex (Figs. 2q, 3c), anterior cingulate cor-
tex (Figs. 2a, e, 3d) and parietal area 5 (Figs. 2j—k, 3e) also
displayed AP pathology. Additionally, Ap plaques were
detected in the hippocampus (Figs. 2p, t, 3f) and other
regions more distant from the inoculation sites includ-
ing the superior temporal cortex (areas 22, 21 and 20)
(Figs. 2g, o, s, 3g), the parietal cortex involving the pri-
mary somatosensory cortex (areas 1-3, Fig. 2¢, f) and the
frontal cortex, including the primary motor cortex (area
4, Figs. 2b, 3h). Occipital areas also displayed AB depos-
its (area 17, Fig. 2u—v; area 18, Fig. 2w—x). AP pathology
was not detected in the entorhinal cortex (Fig. 3i) or in
deep grey nuclei, brainstem or cerebellum. Quantitative
analysis did not reveal any difference between the two
AD-inoculated groups (Fig. 3).

Tau pathology induction and spreading after AD brain
inoculation

All AD-inoculated lemurs developed intraneuronal tau
accumulations resembling neurofibrillary tangles (NFTs,
Fig. 6a—d) and neuropil threads (NTs, Fig. 6e-h), at the
inoculation sites and in several other regions (Figs. 4b,
g—j, Figs. 7, 8 and 9). Conversely, Ctrl-inoculated animals
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did not display any tau pathology (Fig. 5c-d). In AD-
inoculated animals, tau pathology was detected using
ATS8 that detects phosphorylation of S202 and T205 [38]
(Figs. 6, 7), AT100 that detects phosphorylation at T212
and at S214 that is phosphorylated in AD brains but not
in normal brains [38] (Fig. 6d, g), an anti-pS422 antibody
(phosphorylation at S422 occurs in AD but not in normal
brains [38], Fig. 6¢, f), and Gallyas silver staining (Fig. 6h).
Neuritic plaques were not detected in any animal. AT8-
positive NFTs were localized at the level of the inocula-
tion site (posterior cingulate cortex (Figs. 7i, 8a), parietal
area 7 (Figs. 7m, 8b) as well as in juxtaposing regions
(retrosplenial cortex (Figs. 7n, q, s, 8c), anterior cingulate
cortex (Figs. 7a, ¢, 8d), parietal area 5 (Figs. 7e, 8¢)). They
were also detected within the hippocampus (Figs. 7k, o,
1, 8f) and temporal area 22 (Fig. 7g). Although temporal
regions such as area 21 was never involved, some regions
more distant from the inoculation sites displayed NFTs
(temporal area 20 (Figs. 71, p, t, 8g), area 13-16, parietal
areas 1-3, frontal area 4 (Fig. 8h) and entorhinal cortex
(Figs. 7h, 8i)). Occipital regions (areas 18-17) as well
as the most frontal regions did not display tau-positive
NFTs, despite the presence of AP deposits (Fig. 4). AT8-
positive neuropil threads were mainly localized at the
inoculation sites (posterior cingulate cortex (Figs. 7i,
8a), corpus callosum (Figs. 7f, j, Fig. 9b), but were barely
present around the needle tract (area 7, Figs. 7m, 9c).
They were also induced to a lesser degree in juxtaposing
regions (retrosplenial cortex (Figs. 7n, 9d), anterior cin-
gulate cortex (Fig. 9e), parietal area 5 (Figs. 7e, 9f)) and in
distant regions (temporal area 20 (Figs. 7p, 9g), entorhi-
nal cortex (Fig. 9h) and amydgala (Fig. 7b, d). Except for
one or two animals, neuropil threads were not detected
in the hippocampus (Fig. 9i) nor in the frontal cor-
tex (area 4, Fig. 9j). As was the case for AP, quantitative
analysis did not reveal any difference in tau pathologies
between the two AD-inoculated groups (Figs. 8 and 9).

Similar microglial response in AD- and Ctrl-inoculated
animals

Neuroinflammation was assessed using a histologi-
cal marker for activated microglia (HLA-DR). Reac-
tive microglia were observed both in the parenchyma
(Fig. 10a) and around the vasculature (Fig. 10b) of AD-
and Ctrl- inoculated animals. Microglial response mainly
involved the inoculation sites (Fig. 10c-e) and was not
detected in other regions, even in the presence of Ap
plaques. We did not detect any differences between the
groups, suggesting that the inoculation of AD-brain
extracts does not induce an exacerbated neuroinflam-
matory response in comparison with human Ctrl-brain
extract.
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Cognitive deficits induced by AD brain inoculation
Learning and long-term memory capabilities were evalu-
ated using discrimination tasks in a jumping stand appa-
ratus [31] before inoculation and at 4, 9, 15 and 21 mpi.
The jumping stand apparatus was designed to test the
cognition of mouse lemurs using discrimination tasks
while taking into account their arboreal lifestyle as well as
their sensorial and behavioral skills. At each time-point,
a new pair of visual stimuli was introduced to the ani-
mals, and learning abilities were evaluated as the lemur
had to identify the positive stimulus to reach its nesting
box (Additional File 2). Long-term memory was evalu-
ated through the recall of the discrimination task learned
during the previous session, 4 to 6 months earlier. At the
final timepoint, i.e. at 21 mpi, and following a successful
discrimination learning session, a reversal learning test
was performed to evaluate cognitive flexibility.
AD-inoculated animals showed lower learning abilities
in comparison with Ctrl animals (Fig. 11a). Indeed, for
the first discrimination task, before the inoculation of the
brain extracts (MO0), all groups required a similar num-
ber of trials to learn the rewarded stimulus (15.3+5.8,
16.84+8.6 and 14.5+7.4 trials for Ctrl, AD1 and AD2
inoculated animals, respectively). Learning performances
improved in the Ctrl-inoculated group, reaching the best
possible score (at least 8 correct choices out of the first 10
consecutive trials) as early as during the second learning
session at 4 mpi (M4), thus demonstrating highly effective
acquisition of the learning set. Conversely, learning abili-
ties in the two AD groups declined markedly over time,
and performances were significantly worse compared
to the Ctrl group throughout the follow-up (Fig. 11a, p
=0.0002 and p=0.004, respectively for AD1 and AD2).
Long-term memory performance also differed between
the groups throughout the study, but no post-hoc dif-
ferences were detected between AD-inoculated animals
and controls (Fig. 11b). A reversal learning test was per-
formed only at 21 mpi and Ctrl animals performed better
than AD1 or AD2-inoculated lemurs (Fig. 11c,p =0.024
and p=0.0045, respectively). For all of the evaluated cog-
nitive functions, no statistical difference was observed
between AD1- and AD2-inoculated lemurs (Fig. 11a—c).
Altogether, these data suggest that inoculation with
AD brain extracts impairs learning abilities as well as

Page 5 of 24

cognitive flexibility, while long-term memory is globally
preserved. Additionally, motor function was evaluated
and showed that, as expected, all animals displayed simi-
lar motor skills all throughout the follow-up (Fig. 11d).
These data suggest that cognitive deficits observed in
AD-inoculated animals in the jumping stand apparatus
were not related to motor impairments.

Progressive cerebral atrophy induced by AD brain
inoculation

Brain MRI acquisitions were performed before inocu-
lation and at 4, 9, 15 and 21 mpi. To increase statistical
power, AD1 and AD2-inoculated animals were grouped
within a unique AD group to be compared with Ctrl-
inoculated lemurs. Cerebral atrophy was evaluated using
an automated voxel-based morphometry analysis [36].
To control for multiple comparisons, an adjusted p-value
was calculated using the voxel-wise false discovery rate
(FDR-corrected p <0.05), with extent threshold values of
10 voxels. At 4 mpi, only a slight atrophy was detected in
the inoculated posterior cingulate cortex of AD animals,
compared to the Ctrl group (Fig. 12a). This atrophy did
not progress between 4 and 9 mpi (Fig. 12b), but between
9 and 15 mpi significant bilateral atrophy occurred in
several other brain regions (Fig. 12c). It involved the
inoculation site, i.e. the posterior cingulate cortex, and
the parietal cortex (area 7, site with the needle tract) of
AD brain-inoculated lemurs (Fig. 12c). Grey matter loss
was also observed close to the inoculation sites in the ret-
rosplenial, parietal area 5 and anterior cingulate cortices
(Fig. 12¢). In addition, cerebral atrophy was reported in
several other cortical areas including the prefrontal cor-
tex (antero-medial area), frontal cortex (superior frontal
cortex, areas 4 and 6), parietal areas 1-3, temporal cortex
(entorhinal and periamygdalar cortices), insular cortex
(areas 13-16), and occipital visual cortex (areas 18 and
17) (Fig. 12c). Atrophy was also detected in some sub-
cortical regions such as the hippocampus, the basal fore-
brain (including the diagonal band of Broca and nucleus
accumbens), claustrum, septum, basal ganglia (including
the caudate nucleus and putamen) and medial thalamus
(Fig. 12c). Atrophy did not further increase from 15 to
21 months post-inoculation (Fig. 12d).

(See figure on next page.)

Fig. 2 AP pathology throughout the brains of mouse lemurs inoculated with AD brain extracts. Representative images of 4G8 immunolabelling
showing AR pathology throughout the brains of mouse lemurs following AD brain extracts inoculations. AR deposition was observed in the
inoculated posterior cingulate cortex (i) and around the needle tract in the parietal cortex (area 7; I-n, r). Adjacent regions including the retrosplenial
cortex (q), parietal area 5 (j-k) and anterior cingulate cortex (a, e) also displayed AP pathology. Additionally, AR plagues were detected in the
hippocampus (p, t) and other regions more distant from the inoculation sites including the superior temporal cortex (areas 22 and 21; g, o, s), the
parietal areas 1-3 (c, f) and the frontal cortex (area 4; b). Occipital areas also displayed AB deposits (areas 17 and 18; u-x). The red crosses indicate
the inoculated region. Scale bars: 500 um in whole slice images, 100 um in zooms and 20 pum in inserts
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Fig. 3 Quantification of AR deposition following human brain inoculation. Quantification of AR load (% 4G8-positive area or AR plaque count

for the hippocampus) in AD- and Ctrl-inoculated lemurs. AR was detected in all of AD-inoculated animals and in none of Ctrl-inoculated lemurs.
Some AD-inoculated animals did not display significant amounts of AR in some brain regions (e.g. two AD1-inoculated animals did not develop AR
deposits in the posterior cingulate cortex a), but displayed more A in other regions. Thus, all animals displayed AR deposits in at least some regions
of their brains. Altogether, animals from both AD-inoculated groups showed AR deposition at the inoculation site (posterior cingulate cortex; a)
and/or around the needle tract in the parietal cortex (area 7; b). Adjacent regions such as the retrosplenial cortex (c), anterior cingulate cortex (d)
and parietal area 5 (e) also displayed AR pathology. AR plagues were also detected in the hippocampus (f) and other regions more distant from the
inoculation sites including the superior temporal cortex (area 20; g) and the frontal cortex (area 4; h). The entorhinal cortex (i) was the only cortical
region that did not display AR pathology in any groups. No statistical difference was observed between AD1 and AD2-inoculated animals (p > 0.05;

Discussion

For the first time in a primate, we induced widespread
Ap and tau pathologies along with cognitive impairments
and cerebral atrophy following the focal inoculation of
AD brain extracts in the cingulate cortex and underlying
corpus callosum. These results were replicated using two
different batches of AD brain extracts.

AP deposits were detected using specific antibodies as
well as Thioflavin S staining. They were observed close
to the inoculation site and in almost all cortical regions
(except for the entorhinal cortex) as well as in the hip-
pocampus, suggesting their efficient spreading within
the whole brain. Tau-positive pathology occurred in the

forms of neurofibrillary tangles and neuropil threads
while neuritic plaques were not detected. They were
detected using several antibodies (AT8, AT100, ps422)
and Gallyas staining. Tau pathology was evident at the
inoculation site and throughout the brain. However some
brain regions that were relatively close to the inoculation
sites were spared, such as temporal (area 21) and occipi-
tal regions (areas 18 and 17). This suggests that the spatial
progression of tau did not occur solely via a systematic
isotropic diffusion from the injection site to proximal
regions. Interestingly, regions such as the entorhinal cor-
tex, that are connected to the cingulate cortex [29] and
are distant from the inoculation site were tau-positive but
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peri-amygdalar cortex, PC: posterior cingulate cortex

Fig. 4 Overview of AR and tau pathology spreading throughout the brains of mouse lemurs inoculated with AD brain extracts. Three-dimensional
rendering of AP and tau pathologies in mouse lemur brains using a three-level semi-quantitative scale (no lesions/intermediate/high lesion load).
(a, c-f) AB pathology involved almost all cortical regions, except for the entorhinal cortex. The hippocampus was also AB-positive. (b, g-j) High levels
of tau lesions were reported at the inoculated sites (posterior cingulate cortex, area 7) as well as in juxtaposing regions such as the area 5. Distant
regions such as the area 20 also displayed high tau pathology. The hippocampus, entorhinal cortex, and other cortical areas displayed intermediate
tau lesion loads. The red arrows indicate the needle tracts. Numbers represent Brodmann areas as reported in the mouse lemur brain by (Le Gros
Clark, 1931). AC: anterior cingulate cortex, EC: entorhinal cortex, F: antero-medial frontal cortex, Fs: superior frontal cortex, H: hippocampus, PA:

High

Intermediate

ApB-negative. This suggests that tau pathology occurred,
at least in part, through a transit along neuroanatomi-
cal pathways and following different routes as compared
to AP. Importantly, both AP and tau pathologies were
detected after a relatively short incubation period of
21 months in young-adult 1.5-year-old primates that are
typically devoid of any lesions at this age. We speculate
that aggregate deposition might have started even earlier
since cerebral atrophy was detected between 9 and 15
mpi.

A chronic neuroinflammatory response, evaluated by
HLA-DR staining, was detected at the inoculation sites
after human brain extracts inoculation. Such inflamma-
tion was not observed in non-inoculated animals (data
not shown). Here, inflammation was restricted to the
cingulate cortex and underlying corpus callosum, while
AP and tau pathologies were widespread in the brains of
AD-inoculated animals. Also, no difference in microglial
activation was observed between the groups of AD- or

Ctrl-inoculated animals. This suggests that neuroinflam-
mation cannot explain most of the differences between
AD- and Ctrl-inoculated animals. However, one cannot
exclude that subtle changes in cell morphology or differ-
ences in secreted mediators reflecting different stages of
activation could have occurred in AD- and Ctrl-inocu-
lated animals.

Many questions remain following the several neuro-
pathological observational studies in humans showing
that AP pathology is transmissible [17]. In particular, it is
critical to assess whether tau pathology can also be iatro-
genically transmitted. Only one recent article suggested
that tau could also be detected in patients with iatrogenic
AP pathology [16]. However this study could not answer
if the tauopathy was transmitted or was a consequence of
AP pathology. Experimental studies in transgenic mouse
models have suggested that tau can be transmitted [6],
but these models mainly rely on tau protein overexpres-
sion. Here, we show definitively that tau pathologies can
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Fig.5 AP and tau pathologies were not induced following Ctrl-brain extract inoculations. Representative sections of 4G8 (a-b) and AT8 (c-d)
stainings in mouse lemurs inoculated with the control brain extract (a, ¢) compared with AD-inoculated animals (b, d). No A and tau deposits were
observed in control animals (a, ¢) while AR (b) and tau (d) were detected in AD-inoculated animals. Scale bars: 500 pm

be transmitted in a primate expressing physiological lev-
els of endogenous tau proteins. Staining for tau pathology
was well marked and not necessarily in the direct vicinity
of AP pathology nor in the same regions. At least three
different hypothesis could explain this tau transmission.
First, tau seeds from the inoculated brain extracts were
responsible for the induction of the tau pathology. This
hypothesis is consistent with the fact that brain extracts
can induce tau pathologies in mice [7, 11] and that immu-
nodepletion for tau suppresses tau pathology induction
[7]. The second hypothesis is that AP contained in the
human brain extracts (possibly oligomeric forms of Ap)
induced tau pathology in mouse lemur’s brain in addition
to the induction of AP pathology. Thus, tau pathology
would not occur through a direct seeding effect of the
inoculated human-tau pathology. The lack of co-localiza-
tion of AP plaques (that are known to be also a reservoir
for AP oligomers) and tau lesions does not support this
hypothesis. The third hypothesis is that the inoculated
brain extracts contained an undetected compound other
than AP or tau that induced tau pathology. While we can

not rule out this hypothesis, it seems less likely than the
first one.

Previous studies have evaluated A and tau pathology
induction in primates following the inoculation of AD
brain extracts. A 3.5 to 7-year-long study conducted on
marmosets intracerebrally inoculated with large volumes
of AD brain extracts (300 pl of 10% homogenates distrib-
uted within 6 inoculation sites) led to moderate AP dep-
osition in most animals but not to tau pathology nor to
other AD-like pathological features [2, 23, 34]. In a pre-
vious study, our group inoculated AD brain extracts in
the hippocampus and overlying cortex of mouse lemurs,
leading to sparse AP and tau deposits close to the inocu-
lation site [11]. The more severe A and tau pathological
inductions observed in the present study, after inocula-
tion of a relatively small volume of brain extracts (25 pl),
could in part be explained by variations in brain extract
preparations and injection protocols. Here, we sonicated
each sample prior to the inoculation as this procedure
was shown to enhance the seeding and spreading capaci-
ties of brain extracts, supposedly by increasing the level
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Fig. 6 Intraneuronal neurofibrillary tangle and neuropil threads in AD-inoculated animals. AT8-positive neurofibrillary tangle in AD brain inoculed
in mouse lemurs were detected after staining with AT8 (a-b), an antibody detecting phosphorylation of $422 (c), and another one targeting
phosphorylation of T212 and S214 (AT100) (d). Neuropil threads were revealed after staining with AT8 (c), anti-pS422 antibody (f), AT100 (g), and
Gallyas staining (h). Scale bars: 20 um
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of molecular interfaces for templated misfolding and
generating smaller AP and tau assemblies that can more
readily propagate through the brain than large fibrils [20].
Obviously, AP/tau-positive samples that contaminated
humans (e.g. cadaver-sourced human growth hormones
or dura matter) were not sonicated, which could explain
much longer incubation times in iatrogenic transmission
cases. In addition, in the present study, the injections
were performed into highly connected brain areas, such
as the corpus callosum and the posterior cingulate cor-
tex. The former is indeed the major commissural tract
connecting both hemispheres and the latter is a func-
tional connectivity hub in mouse lemurs [10]. Moreo-
ver, the cingulate cortex is involved in the default-mode
network, which is disrupted and highly vulnerable to A
deposition in AD [5]. Additionally, it is one of the first
regions to display atrophy in the course of AD [3].

Whether AP and tau iatrogenic transmissions can be
associated with clinical impacts in humans remains to be
elucidated. Here, along with neuropathological lesions
in their brains, AD-inoculated animals displayed cogni-
tive impairments and bilateral brain atrophy. In humans,
NFT deposition has been associated with clinical decline
[28]. Here, even if we cannot conclude that there is a
direct link between AP and tau pathologies and cogni-
tive deficits, the occurrence of cognitive alterations sug-
gests that exogenous exposure to misfolded AP and tau
seeds can translate into clinical manifestations. This is
in line with our previous study showing that AD brain
extract inoculation in mouse lemurs leads to cognitive
impairments despite sparse AP and tau deposition [11].
Altogether, this raises concerns about the potential cog-
nitive consequences in patients exposed to contaminated
compounds, including vials of human cadaver-derived
growth hormones that were shown to contain both Ap
and tau seeds [9, 32].

Cerebral atrophy was prominent close to the inocula-
tion site, i.e. the posterior cingulate, where it was first
detected at 4 months post-inoculation. Atrophy wors-
ened mainly from 9 to 15 months post-inoculation. This
course of atrophy evolution suggests that grey matter
loss was not related to an acute toxic effect of the inoc-
ulation. Atrophy also gradually spread to several other
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regions in AD-inoculated animals. Atrophy of the pos-
terior cingulate cortex and connected prefrontal regions
[39] and basal ganglia [19] is consistent with deficits in
object discrimination learning and cognitive flexibility in
AD brain extract-inoculated lemurs, as these structures
are thought to play a critical role in instrumental learning
and shifting abilities [30, 33, 35].

In conclusion, we provided the first experimental evi-
dence of the transmission of an AD-like phenotype in a
non-human primate that includes AP and tau patholo-
gies as well as cognitive impairments and cerebral atro-
phy. This first demonstration of the transmission of tau
pathology in a primate calls for further studies in humans
to assess the transmission of tau in subjects exposed to
contaminated cadaver-derived compounds and surgical
material. Our experimental study also outlined the pos-
sible consequences of AP and tau transmissions in terms
of cognitive impairments and cerebral atrophy. Evaluat-
ing these aspects of the pathology in patients at risk for
Ap and tau iatrogenic transmission through a systematic
monitoring of AD biomarkers is thus urgently needed.
Finally, our study also suggests that AD brain-inoculated
mouse lemurs are highly relevant models to explore AD
pathophysiology and ensure a greater translation of pre-
clinical studies to patients.

Materials and methods

Mouse lemurs

Mouse lemurs were reproduced in an approved breed-
ing center (UMR 7179 CNRS/MNHN, France; European
Institutions Agreement #962,773) and housed in our
laboratory (Commissariat a I'Energie Atomique, Fon-
tenay-aux-Roses center; European Institutions Agree-
ment #B92-032-02). Animals were housed individually
in enriched cages containing a wooden nesting box and
equipment allowing them to climb and jump freely. The
environment was maintained at a constant temperature
of 24-26 °C with a relative humidity of 55%. The pho-
toperiodic regime was based on a biannual alternation
of long and short days (14 h of light at 250-350 1x/10 h
of darkness in the summer period, 10 h of light at 250—
350 Ix/14 h of darkness in the winter period) in order to
artificially reproduce the seasonal rhythm of the animals.

(See figure on next page.)

Fig. 7 Tau pathology throughout the brains of mouse lemurs inoculated with AD brain extracts. Representative images of AT8 immunolabelling
showing tau pathology following AD brain extract inoculations in mouse lemurs. NFTs were observed at the level of the inoculation sites, e.g. in the
posterior cingulate cortex (i) and the parietal area 7 (m), as well as in juxtaposing regions such as the retrosplenial cortex (n, q, s), anterior cingulate
cortex (a, €), parietal area 5 (e). They were also detected within the hippocampus (k, o, r) and temporal area 22 (g). Additionally, some regions more
distant from the inoculation sites also displayed NFTs, e.g. the temporal area 20 (I, p, t) and the entorhinal cortex (h). Neuropil threads were mainly
observed at the inoculation sites, e.g. in the corpus callosum (f, j) and posterior cingulate cortex (i). They were slightly induced around the needle
tract (area 7; m), in juxtaposing regions such as the retrosplenial cortex (n), parietal area 5 (e) and in distant regions such as the temporal area 20 (p)
and the amygdala (b, d). The red crosses indicate the inoculated region. Scale bars: 500 pm in whole slice images, 20 um in zoomed images

265



Lam et al. acta neuropathol commun (2021) 9:165 Page 12 of 24

A 4.75mm A 3.75mm
T —

A 1.75mm
<"/

Area 5 Corpus callosum Area 22 Entorhinal

A 1.00mm

=
ks

Posterior cingulate Corpus callosum Hippocampus Area 20

500 ym
-

Retrosplenial Hippocampus Retrosplenial Area 20

|_Fig.7 (See legend on previous page)

266




Lam et al. acta neuropathol commun (2021) 9:165

Page 13 of 24

= 100~
. 80 3
—_— A
g% 4 g £ g 8o
5 © 60+ 3 o8
09 o 2+ A A o2 60
o ® o™ » .©
£ £ g
40 o s ]
% g £< = % 40 Al
Ss . + 14 L -3
= [--] -5
E§ 20+ ‘ > ) <@ 27 A
(7}
4 | | [=1] ] g
l 0 I- -_I s c . -l- 1 A il L T
v T T T ctrl AD1 AD2
Ctrl AD1 AD2 Ctrl AD1 AD2
30 404 8=
Aé = = :
€8 ‘ 3 907 ’ 2 2 ¢
8 & 204 o o8&
- 0 7]
23 £ § 201 £ § 4
238 A E T €3
5817 ,°+3 10+ : ST o T
[} < <
b3 A
< g I__I |——| N I_]
0 ) i, |A 0 ) T T 0 ope T T
ctrl AD1 AD2 ctrl AD1 AD2 ctrl AD1 AD2
h i
30+ 20 = 40=
— =
= = " .
E A 5 154 A 3 X 30 A
2 204 8 ° 8
° oY 25
£ o = 3 104 L & 204
w o w e Z <
3 Z< 2%
T 10- ¥ — + == & T 404 yim
2 B o 2
< < | | 4
0 at?t 0 opo: | T I "‘ 0 T T _;—‘
) T
e b P ctrl ADA AD? ctrl AD1 AD2
Fig. 8 Quantification of NFT pathology following human brain inoculation. Quantification of NFT burden (NFT count per region of interest) in
AD- and Ctrl-inoculated lemurs. NFTs were detected in all of AD-inoculated animals and in none of Ctrl-inoculated lemurs. In AD-inoculated
animals, NFT burden was increased at the level of the inoculation site, e.g. in the posterior cingulate cortex (a) and the parietal area 7 (b), as well
as in juxtaposing regions, including the retrosplenial cortex (c), anterior cingulate cortex (d) and parietal area 5 (e). NFTs were also detected in the
hippocampus (f) and in some regions more distant from the inoculation sites, including the temporal area 20 (g), frontal area 4 (h) and entorhinal
cortex (i). No statistical difference was reported between AD1- and AD2-inoculated lemurs (p >0.05; Mann-Whitney’s test). Data are shown as
mean +s.em

Diet consisted of fresh fruits and a preparation based
on cottage cheese, eggs, cereals and bananas. Water and
food were available ad libitum.

Eighteen males were studied. In order to limit any age-
related modifications during the longitudinal follow-up,
only young-adults (1.5-year-old) were included. Mouse
lemurs were assigned to an experimental group in order
to obtain cognitively comparable groups before the inoc-
ulations. After human brain inoculation, a 21-month-
long follow-up was conducted on the animals. Five other
mouse lemurs were evaluated for characterization of tau
isoforms by immunoblots. They were sacrificed due to
various non-cerebral, non-experimental pathologies (age
9.7 to 10.5 years). All experimental procedures were per-
formed in compliance with the European Union directive

on the protection of animals used for scientific purposes
(2010/63/EU). They were approved by a local ethics com-
mittee (CETEA-CEA DSV IdF) as well as by the French
Ministry of Education and Research (authorization
A17_083).

Protein extraction and western blots for mouse lemur
brains

Hippocampi and cortices from five non-inoculated
mouse lemurs were dissected and snap frozen in 1.5 mL
tubes (Eppendorf). Tissus were homogenized in 10 vol-
ume of ice-cooled Tris-sucrose buffer (Tris—HCI 10 mM,
pH 7.4 10% sucrose added with protease inhibitor (Com-
plete mini EDTA-free, Roche)) and were sonicated (20
pulses of 1 s, amplitude 40%, 60 kHz) on ice. After 1 h
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Fig. 9 Semi-quantitative scoring of neuropil thread pathology following human brain extracts inoculation. Neuropil threads were detected in
AD-inoculated animals but not in theCtrl-inoculated lemurs. AT8-positive neuropil threads were mainly localized at the inoculation sites [posterior
cingulate cortex (a) and corpus callosum (b)], but no lesion was observed around the needle tract (area 7; €). They were also induced in juxtaposing
regions, such as the retrosplenial cortex (d), anterior cingulate cortex (e), parietal area 5 (f), and in distant regions such as the temporal area 20 (g)
and entorhinal cortex (h). Except for one or two animals, neuropil threads were not detected in the hippocampus (i) nor in the frontal cortex (area 4;
j). No difference was observed between the two AD-inoculated groups (p > 0.05; Mann-Whitney's test). Data are shown as mean +s.e.m
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at 4 °C, protein concentrations were determined using
the BCA Protein Dosage Kit (BioRad, France). Sam-
ples were diluted with lithium dodecyl sulphate buffer
supplemented with reducing agents (Invitrogen) and
then separated on 12% NuPAGE Novex (Invitrogen).
Proteins were transferred to nitrocellulose (20 pg for
mouse lemurs, 10 pg for control human brains), which
were then saturated with 5% non-fat dried milk or 5%
bovine serum albumin in TNT (Tris 15 mM pH 8, NaCl
140 mM, 0.05% Tween) and incubated at 4 °C for 24 h
with the primary antibodies (TauCter (clone 9F6, LB lab-
made), TauNter (12-21, LB lab-made), Tau3R (Millipore
ref 05,803), TaudR (Millipore ref 05,804), TauE2 (Lotl,
LB lab-made)). Appropriate HRP-conjugated secondary
antibodies (anti- mouse PI-2000 and anti-rabbit PI-1000,
Vector Laboratories) were incubated for 45 min at room
temperature and signal was visualized using a chemo-
luminescence kit (ECL, Amersham Bioscience) and a
LAS4000 imaging system (Fujifilm).

Human brain samples

Frozen brain samples (parietal cortex) from clini-
cally different AD patients (four patients with classi-
cal slowly evolving forms of AD and four with a rapidly
evolving form of AD) and two age-matched control
individuals were collected from a brain donation pro-
gram of the GIE NeuroCEB and the National Reference
Center (CNR)-prion brain banks. Consent forms were
signed by either the patients themselves or their next of
kin in their name, in accordance with French bioethics
laws. The classical slowly evolving AD cases (AD1) were
characterized by a disease duration of 5 to 8 years. The
rapidly evolving AD cases (AD2) were characterized by
a disease duration of 6 months to 3 years. No case of
hippocampal sclerosis was reported and all brain sam-
ples (Ctrl, AD1, AD2) were Prps¢ negative. AD1 and
AD?2 brain samples were also negative for a-synuclein
and TDP-43.
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Fig. 10 Similar microglial response after the inoculation of Ctrl or AD brain extracts. Representative stainings of microgliosis (HLA-DR antibody)
in the parenchyma (a-b, arrows) and in the vasculature (b, arrowheads). Staining was observed at the inoculation sites, i.e. the posterior cingulate
cortex (PCC) and the corpus callosum (CC) (c-e) but not at distance of these regions. No difference was observed between the groups. Scale bars:

Neuropathological characterization

All brain tissues were assessed by immunohistochem-
istry, as previously described in Gary et al. 2019 [11].
Briefly, 4-um-thick paraffin sections were cut, deparaffi-
nized in xylene, successively rehydrated in ethanol (100,
90, and 70%) and rinsed under running tap water for
10 min before immunohistological staining. They were
then incubated in 99% formic acid for 5 min, quenched
for endogenous peroxidase with 3% hydrogen peroxide
and 20% methanol, and washed in water. Sections were
blocked at room temperature for 30 min in 4% bovine
serum albumin (BSA) in 0.05 M tris-buffered saline,
with 0.05% Tween 20, pH8 (TBS-Tween, Sigma). They
were then incubated overnight at+4 °C with the 6F3D
anti-AP antibody (Dako, 1/200), polyclonal anti-tau anti-
body (Dako, 1/500), monoclonal anti-alpha-synuclein
(LB509, Zymed, 1/250), polyclonal anti-TDP43 (Protein
Tech Group, 1/1000) routinely used for AP, tau, alpha-
synuclein and TDP43 detection, respectively. Sections
were further incubated with a biotinylated secondary

antibody for 25 min at room temperature, and the
presence of the secondary antibody was revealed by a
streptavidin—horseradish peroxidase conjugate using
diaminobenzidine (Dako, Glostrup, Denmark). Sliced
were counterstained with Harris hematoxylin.

Protein extraction for human brains

For tau protein extraction, brain homogenates were soni-
cated on ice for 5 min, centrifuged for 5 min at 3,000 x g
at+4 °C, diluted in 20 mM Tris/2% SDS and sonicated on
ice for 5 min. For A, Ibal and GFAP protein extractions,
brain homogenates were sonicated (6 strokes, cycle 0.5,
30% amplitude) in a lysis buffer at a final concentration
of 50 mM Tris—HCI pH 7.4, 150 mM NaCl, 1% Triton-
X-100 supplemented with 1X protease inhibitors (cOm-
pleterM Mini, EDTA-free Protease Inhibitor Cocktail,
Roche) and 1/100 diluted phosphatase inhibitors (Phos-
phatase Inhibitor Cocktail 2, Sigma-Aldrich). Samples
were centrifuged at 20,000 x g for 20 min at+4 °C and
the supernatant was collected for further use. Extracted
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Fig. 11 Cognitive impairment induced by AD brain inoculations. a Longitudinal evaluation revealed learning deficits in AD groups compared to
the Ctrl group (Time effect: F(, 14 3573)=8.42, p=0.0009; Group effect: F(, ;5y=9.52, p=0.002; p=0.0002 and 0.004, respectively for AD1 and AD2
compared to the Ctrl group; two-way ANOVA with the Geisser-Greenhouse correction, Tukey's multiple comparisons). b Memory performance
comparison revealed a group effect throughout the follow-up, but no statistical difference between AD1, AD2 and Ctrl animals was detected
following post-hoc evaluations (Time effect: F, 44 ¢ 95)= 740, p=0.001; Group effect: F(, 15)=3.83, p=0.045; p=0.066 between AD2 and Ctrl at

9 mpi, p>0.17 for every other comparisons; two-way ANOVA with the Geisser-Greenhouse correction, Tukey's multiple comparisons). ¢ Reversal
learning task performed at 21 mpi revealed deficits in AD groups compared with the Ctrl group (p =0.024 and 0.0045, respectively for AD1 and
AD2; Kruskal-Wallis with Dunn’s multiple comparisons). For all of the evaluated cognitive functions, no statistical difference was observed between
AD1- and AD2-inoculated lemurs. d No motor impairment was observed with age and between the groups all throughout the follow-up (Time
effect: Fy 16,3042 =2.35 p=0.11; Group effect: F(, 15=2.57, p="0.11; two-way ANOVA with the Geisser-Greenhouse correction, Tukey’s multiple
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samples were stored at -80 °C after evaluation of total
protein concentration by a BCA assay (Pierce™). The
obtained concentration was used for the normalization
of proteins. Total protein concentration was 5.40, 5.53
and 5.50 pg/ul respectively for the Ctrl, AD1 and AD2
homogenates.

Western blots for human brain extracts
For tau characterization, samples were diluted to 1 pg/
pL, diluted in 2X lithium dodecyl sulfate (LDS, Thermo

Fisher Scientific) buffer with reducers and heated
at+100 °C for 10 min. 15 pg of samples were loaded on
a 12% Bis-TrisCriterion gel (Bio-Rad) and migrated
in MOPS buffer for 1 h at 165 V on ice. After protein
transfer on nitrocellulose sheets, migration and qual-
ity of the transfer were checked with a ponceau S stain-
ing. The membrane was saturated for 1 h at room
temperature, and was then incubated with the AT100
(pT212-pS214, Life technologies MN1060), 2H9 (pS422,
4BioDx 4BDX-1501), tau-Nter (12—-21, LB lab-made) or

(See figure on next page.)

Fig. 12 Progressive cerebral atrophy induced by AD brain inoculation. Statistical heatmaps of t-values depicting regions in which grey matter
volume decreased in AD-inoculated animals compared with Ctrl-inoculated ones (voxel-based morphometry, FDR-corrected p < 0.05; voxel
threshold extent k= 10). To increase statistical power, AD1 and AD2-inoculated animals were grouped within a unique AD group. Longitudinal

follow-up revealed a slight atrophy in the inoculated posterior cingulate region at 4 mpi (a). No intergroup difference in brain volume was observed
between 4 and 9 mpi (b). Grey matter loss however extended to several other regions by 15 mpi (c), without further progressing afterwards until

21 mpi (d). Lateral (e) and dorsal (f) three-dimensional representations showing clusters of atrophied areas. The red arrow and crosses indicate the
injection needle tract. 1-3: cerebral cortex areas 1-3, 4: cerebral cortex area 4, 5: cerebral cortex area 5, 6: cerebral cortex area 6, 7: cerebral cortex
area 7, 17-18: cerebral cortex areas 17-18, AC: anterior cingulate cortex, BF: basal forebrain, Cd: caudate nucleus, Cl: claustrum, EC: entorhinal cortex,
F: antero-medial frontal cortex, Fs: superior frontal cortex, H: hippocampus, Ins: insular cortex (areas 13-16), P: putamen, PA: peri-amygdalar cortex,
PC: posterior cingulate cortex, RS: retrosplenial cortex, S: septum, Th: median thalamus [22]
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tau-Cter (clone 9F6, LB lab-made) antibodies overnight
at+4 °C. A peroxidase coupled secondary anti-rabbit
or anti-mouse antibody was then applied for 45 min at
room temperature. Immunoblotting was revealed by
ECL. GAPDH (Sigma 9545) was used as a loading con-
trol. For Ibal and GFAP evaluations, extracted samples
were denatured at+ 90 °C for 5 min in a buffer contain-
ing 1X LDS (NuPAGE® LDS sample buffer, Invitrogen)
and DTT 1X (NuPAGE® sample reducing agent, Invit-
rogen). 10 pg of denatured protein were loaded per well.
Samples and molecular weight marker (Bio-Rad Preci-
sion Plus Protein” Dual Color standards) were loaded
on 4-20% Criterion" TGX' " gels (Bio-Rad) and migra-
tion was performed in a 1X tris—glycine buffer (Bio-
Rad) at 120 V for 1 h. Proteins were then transferred to a
nitrocellulose membrane using the Trans-Blot® Turbo™
(Biorad) system. Migration and quality of the trans-
fer were checked with a ponceau S staining. The mem-
brane was then blocked with a TBS/0.1%Tween, 5% milk
solution for 1 h at RT, and incubated with the primary
antibody Ibal (Wako 1,919,741, 1/2000), GFAP (Dako
70334, 1/5000) or actin (Sigma A2066, 1/5000) diluted
in saturation buffer overnight at+4 °C. After washing in
TBS/0.1%Tween solution, the membrane was incubated
with the appropriate secondary HRP-conjugate antibody
diluted to 1/5000 in TBS/0.1%Tween for 1 h at RT. The
chemiluminescent signal was revealed using the Clarity
western ECL (Bio-Rad) kit and the Chemidoc™ MP (Bio-
Rad) imaging system. Protein band intensities were quan-
tified on the Image] software and normalized by the actin
expression level.

ELISA quantifications

For AP protein quantification, all assay-specific mate-
rial (pre-coated microtiter plate, buffers, antibodies,
standard solutions) was provided in the V-PLEX kit AP
Peptide Panel 1 (6E10) (MSD®). Human brain homoge-
nates were diluted to 1/5 (Ctrl samples) or 1/10 (AD1
and AD2 samples) in the dilution buffer. As described
in the manufacturer’s protocol, the microtiter plate was
blocked for 1 h at RT with the appropriate buffer. After
washing, 25 pl of detection antibody and 25 pl of diluted
sample or standard were added in duplicate to the wells
and incubated under continuous agitation for 2 h at RT.
Wells were washed and 150 pl of reading buffer was
added. Plate reading was performed with the MSD Sec-
tor Imager 2400 (model 1200) multiplex assay system.
AP, 39 AP0 and AP, 4, quantifications were performed
with the Discovery Workbench 4.0 MSD® software. Tau
protein quantifications (total tau and phosphot-taul81)
were perfomed according to the manufacturer’s proto-
col. Briefly, brain homogenates were diluted to 1/100 and
1/200 in the provided dilution buffer. 50 pl of standards
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or samples, as well as 50 pl of detection antibody solu-
tion were added to wells and incubated for 14 h at+4 °C.
After washing, 100 pl of 1X anti-rabbit IgG HRP solution
was added for a 30 min incubation period at RT. 100 ul
of stabilized chromogen were then added to each well for
30 min at RT, in the dark. The reaction was stopped by
adding 100 ul of Stop solution and the plate was read at
450 nm within the hour. Data were analyzed with Graph-
Pad Prism 7 using the 4PL method. All samples were
tested in duplicates.

Human brain extracts preparation

Parietal cortex samples were individually homogenized at
10% weight/volume (w/v) in a sterile 1X Dulbecco’s phos-
phate buffer solution in CK14 soft tissue homogenizing
tubes at 5000 rpm for 20 s (Precellys®, Bertin technolo-
gies). Brain extracts were then sonicated on ice for 5 s
at 40% amplitude and centrifuged at 3000 g for 5 min
at+4 °C. The supernatant was aliquoted in sterile poly-
propylene tubes and stored at — 80 °C until use.

Before the stereotaxic injection, 10% Ctrl, AD1 or AD2
individual brain extracts were thawed on ice and com-
bined together according to their group. The three result-
ing combined samples (Ctrl, AD1 and AD2 brain extracts)
were sonicated (70% amplitude, 10 s on/off; Branson SFX
150 cell disruptor sonicator, 3.17 mm microtip probe
Emerson, Bron) on ice in a sterile environment.

Stereotaxic surgery

Stereotaxic surgery was performed to infuse the brain
extracts, bilaterally in the posterior cingulate cortex and
the underlying corpus callosum. Mouse lemurs have a
brain structure that can show significant interindividual
variation. The stereotactic injection protocol developed
during this study ensures that this variability is taken
into account and therefore improves the accuracy of the
injections. This protocol is based on a magnetic reso-
nance imaging (MRI) acquisition followed by a surgical
procedure. Mouse lemurs were maintained in a stable
position on a non-magnetic bed, compatible with the
MRI and stereotactic equipment, and for which the posi-
tions of the anesthetic mask, muzzle bar and ear bars
were adjustable to fit the morphology of each animal.
An intra-laboratory validation was performed prior to
this study. Animals were fasted the day before the inter-
vention. Water was available ad libitum up to 1 h before
anesthesia.

Injection coordinates for the inoculated structures
were calculated in reference to a landmark that crossed
the middle of the ear bar for the antero-posterior axis,
interhemispheric fissure for the left-right axis, and the
skull surface for the dorso-ventral axis. We chose this
landmark as it could be visualized both in MRI and under
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the surgeon’s binocular magnifying glass. The coordi-
nates of the targeted regions were defined on the MRI
and were transposed into stereotaxic coordinates for the
surgery.

The MR exams were performed using the follow-
ing procedure. Mouse lemurs were pre-anesthetized
by a subcutaneous injection of glycopyrronium bro-
mide (0.05 ml/kg; Robinul-V®) 30 min before isoflu-
rane anesthesia (induction at 4.5%, maintenance at
1.5%; Vetflurane®). Throughout the procedure, their
respiratory rhythm was monitored and body tempera-
ture was maintained at 37+0.5 °C using a heated blan-
ket. The MRI system was an 11.7 Tesla Bruker BioSpec
(Bruker, Ettlingen, Germany) running ParaVision 6.0.1.
Images were acquired using a T2-weighted multi-slice
multi-echo sequence with the following parameters:
TR=7100 ms; TE=24.20 ms; echo spacing=4.40 ms;
echo average =10; slice thickness=0.23 mm; number of
slices=128; Axial-AP; Read/Phase/Slice: Y/X/Z; reso-
lution=0.156 x 0.156  after zero-filling-interpolation
(2.5 x2.5); matrix=104 x 104; field of view=40 x 40
mm? bandwidth=100,000 Hz; acquisition duration:
12min18s.

Just after the MRI, animals were placed in a stereo-
tactic frame (Phymep). Local anesthesia was performed
with a subcutaneous injection of lidocaine (5 mg/kg;
0.5% Xylovet, Ceva), after cleaning the incision site with
povidone iodine (Vétédine®). Injections were performed
bilaterally into the corpus callosum followed by the over-
lying posterior cingulate cortex, at the previously defined
coordinates. Using 1 ml-Hamilton syringes and 34-gauge
needles, 6.25 pl of human brain homogenates were
administered per injection site, at a 0.5 pl/min rate. At
the end of each injection, needles were held in place for
five additional minutes before removal. The incised area
was cleaned with 10% povidone iodine (Vétédine®) and
sutured. Animals then received a subcutaneous injection
of a 0.9% sodium chloride solution (1 ml/100 g) for rehy-
dration, after which they were placed in a ventilated heat-
ing box (25 °C) and monitored until full recovery from
anesthesia. Two weeks after the injection, an MRI was
performed to evaluate potential post-operative complica-
tions (increased inflammation, cerebral hemorrhage). No
imaging abnormalities were detected in any animals.

Behavioral tests

Learning, long term memory performance and rever-
sal learning abilities were evaluated using discrimina-
tion tests in a jumping stand apparatus [31]. Motor skills
were evaluated using a tower test [25]. All tests were con-
ducted using devices adapted to lemurs developed by our
team or other mouse lemur specialists.
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Visual discrimination test in a jumping stand appara-
tus The jumping stand apparatus evaluates lemurs’
learning and long-term memory performances using dis-
crimination tests [11, 31] (Additional File 2). The device
is a vertical cage made of plywood walls, except for the
front panel which consists in a one-way mirror allowing
observation. During the test, the animal is placed on a ele-
vated central platform and must jump from this starting
platform to one of the two landing platforms. If no spon-
taneous jump is performed within a minute, the central
platform can be tilted slightly downwards, creating a slip-
pery slope, to encourage the animal to jump. Each land-
ing platform is associated with a different visual stimulus,
characterized by a specific shape, texture and pattern. For
each pair of visual stimuli, one is associated with a posi-
tive reinforcement (i.e. a stable platform giving access to
a 2-min rest in a wooden nesting box), whereas the other
one is associated with a negative reinforcement (i.e. an
unstable platform leading to a fall to the bottom of the
cage). After a fall, the mouse lemur is left at the bottom
of the cage for 20 s before the next trial. As mouse lemurs
prefer confined spaces, reaching their nesting box when
placed in an open space is a strong motivator for behav-
ioral testing. During a discrimination task, the mouse
lemur had to identify the positive stimulus, the location of
which was randomly alternated between the two landing
platforms over the course of the test and changed at least
every three trials. The test ended when the success crite-
rion (i.e. at least 8 correct choices out of 10 consecutive
attempts) was reached. The score given to an animal dur-
ing learning and memory tasks was the number of trials
required to reach this criterion.

Before the first test, an habituation session consisting
of 7 trials was carried out. During the first four trials,
only one stable central landing platform was available in
front of the nesting box opening. Trial 1 was character-
ized by the presence of a board directly connecting the
departure platform to the landing platform, so that jump-
ing was not required to access the nesting box. This board
was removed for trial 2, during which the lemur needed
to jump to reach the stable landing platform. During trial
3 and 4, an opaque screen was placed above the land-
ing platform in order to hide the opening of the nesting
box. The animal therefore needed to jump onto the sta-
ble landing platform and go under the screen to reach
the reward. During trial 5 to 7, an unstable platform was
introduced, and alternately placed either on the right or
on left of the nesting box entrance.

Learning abilities were evaluated as the lemur had to
identify the positive stimulus out of the two stimuli to
reach its nesting box. Long-term memory performance
reflected the ability of mouse lemurs to remember the
positive stimulus presented 4 or 6 months earlier. In
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order to create experimental groups with comparable
learning capacities, the learning test was carried out
before the inoculation with human brain homogenates
(MO). Memory performance was evaluated 4 months
later, followed (one day later) by a new learning task.
Longitudinal evaluation was performed by a succession
of learning and memory tasks at 4, 9, 15 and 21 months
post-inoculation. At each timepoint, a new pair of visual
stimuli was introduced to the animals for the new learn-
ing task. The third cognitive task was a reversal learning
task conducted at 21 mpi. After a successful discrimina-
tion learning session, the outcomes associated with the
two stimuli were reversed. Twenty consecutive trials
were performed for each animal and the percentage of
correct choices was compared between the groups.

Motricity test 'The tower test was designed to evaluate
motor performances of the lemurs through the achieve-
ment of successive high jumps [25]. Similarly to the jump-
ing stand apparatus, it is based on the strong motivation
of mouse lemurs to reach their nesting box in order to
escape the discomfort felt in open spaces. The device is
a 180 x 35 x 35cm tower with three opaque sides and
one transparent Plexiglas side. It is crossed horizontally
by seven metal rods with a diameter of 5 mm and gradu-
ally spaced from one another by 10 cm (at the bottom) to
30 cm (at the top). Jumps with increasing difficulty need
to be completed in order to reach the reward. A nesting
box can be positioned at three different levels, making it
accessible after reaching rod 5 (low position), 6 (interme-
diate position) or 7 (high position). The test was moni-
tored by a camera placed in front of the tower.

During the test, the lemur was placed on the floor of
the tower and had to jump from rod to rod in order to
reach the nesting box made accessible after jumping
on rod 7. Jumps were either performed spontaneously
or after a stimulus in case of immobility (>3 min). This
stimulus could be visual (introduction of a visual stimu-
lus at the bottom of the tower), or mechanical in case of a
more prolonged inactivity when on a rod (rotation of the
rod on which the lemur was located). When the animal
reached the nesting box, it was rewarded with a 5-min
rest inside.

When the animal was introduced to the device for the
first time, an habituation session consisting of six trials
was carried out. Throughout the trials, the nesting box
was gradually moved upwards, from the lower position
during trial 1 and 2, to the intermediate position during
trial 3 and 4, and finally to the upper position during trial
5and 6.

The motricity test phase consisted of three consecu-
tive trials during which the nesting box was placed at
the upper position. The number of falls between the
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last two rods, spaced by 30 cm, was used as a criterion
reflecting motor performances. Motricity tests were per-
formed following the visual discrimination test before
humain brain inoculation and at 4, 9, 15 and 21 months
post-inoculation.

Morphological MRI

Brain volume evolution was evaluated throughout the
study, starting before inoculation and then at 4, 9, 15 and
21 months post-inoculation. All images were acquired
on a 11.7 Tesla MRI (Bruker Corporation), using the
following parameters: TR=8000 ms; TE=28.05 ms;
echo spacing=5.10 ms; echo average=10; slice thick-
ness=0.23 mm; number of slices=128, Axial-AP;
Read/Phase/Slice:  Y/X/Z; resolution=0.115x 0.115
after zero-filling interpolation (1.34 x 1.34);
matrix=192 x 192; field of view=29.44 x 29.44 mm?>;
bandwidth =100,000 Hz; acquisition duration: 25min36s.
Animals were anesthetized and monitored as previously
described for stereotaxic injections.

Images were analyzed using voxel-based morphometry
by applying SPM8 (Wellcome Trust Institute of Neurol-
ogy, University College London, UK, www.fil.ion.ucl.ac.
uk/spm) with the SPMMouse toolbox (http://spmmo
use.org) for animal brain morphometry using a proce-
dure already implemented for mouse lemurs [11, 36]. The
brain images were segmented into grey (GM) and white
matter (WM) tissue probability maps using locally devel-
oped priors, then spatially transformed to the standard
space, defined by Sawiak et al., using a GM mouse lemur
template [36]. Affine regularization was set for an aver-
age-sized template, with a bias non-uniformity FWHM
cut-off of 10 mm and a 5 mm basis-function cut off and
sampling distance of 0.3 mm. The resulting GM and WM
portions were output in rigid template space, and DAR-
TEL [1] was used to create non-linearly registered maps
for each subject and common templates for the cohort of
animals. The warped GM portions for each subject were
adjusted using the Jacobian determinant from the DAR-
TEL registration fields to preserve tissue amounts ("opti-
mized VBM" [13]) and smoothed with a Gaussian kernel
of 600 pm to produce maps for analysis.

A general linear model was designed to evaluate rela-
tive changes in GM values as a function of time between
the control- and Alzheimer’s disease-inoculated groups.
This type of analysis produces t-statistics and color-
coded maps that are the product of a statistical analysis
performed at every voxel in the brain. Contiguous groups
of voxels that attain statistical significance, called clus-
ters, are displayed on brain images. To control for mul-
tiple comparisons, an adjusted p-value was calculated
using the voxel-wise false discovery rate (FDR-corrected
p<0.05), with extent threshold values of 10 voxels,
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meaning that clusters required 10 contiguous voxels to
be selected as relevant [12]. Voxels with a modulated GM
value below 0.2 were not considered for statistical analy-
sis. The operator was blinded to the group attribution
during image processing.

Histology

Mouse lemurs were sacrificed at 21 mpi with an
intraperitoneal injection of pentobarbital sodium
(0.1 ml/100 g; Exagon, Axience). Twenty minutes before
sacrifice, a subcutaneous administration of buprenor-
phine (0.1 mg/100 g; Vétergésic®) was performed for
analgesia. Animals were perfused intracardiacally with
cold sterile 0.1 M PBS for 4 min, at a rate of 8 ml/min.
The brain was post-fixed in 4% paraformaldehyde for
48 h at+4 °C, transferred in a 15% sucrose solution for
24 h and in a 30% sucrose solution for 48 h at+4 °C for
cryoprotection. Serial coronal sections of 40 pm were
performed with a microtome (SM2400, Leica Microsys-
tem) and stored at —20 °C in a storing solution (glycerol
30%, ethylene glycol 30%, distilled water 30%, phosphate
buffer 10%). Free-floating sections were rinsed in a 0.1 M
PBS solution (10% Sigma-Aldrich® phosphate buffer,
0.9% Sigma-Aldrich® NaCl, distilled water) before use.

Immunohistology, Thioflavin S and Gallyas silver stain-
ing Mouse lemur brain sections were stained for
amyloid-p (4G8 and AP42 antibodies, Thioflavin S), tau
(AT8, AT100, pS422 antibodies and Gallyas silver stain-
ing) and microglia (HLA-DR antibody). A pretreatment
with 70% formic acid (VWR®) for 20 min at room temper-
ature (RT) was performed for the 4G8 labelling. For the
HLA-DR and AT100 stainings, the pretreatment consisted
in a 30 min-long incubation in EDTA 1X citrate (Diag-
nostic BioSystems®) at 95 °C followed by rinsings in 0.5%
Triton X-100/0.05 M Tris—HCI Buffered Saline solution
(TBS) or a PBS solution respectively, for 2 x 10 min. For
the 4G8, AB42, AT8, AT100, pS422 and HLA-DR stain-
ings, tissues were then incubated in hydrogen peroxide
H,0, 30% (Sigma-Aldrich®) diluted 1/100 for 20 min to
inhibit endogenous peroxidases. Blocking of non-specific
antigenic sites was achieved over 1 h using a 0.2% Triton
X-100/0.1 M PBS (Sigma-AldriCh®) (PBST) or 0.5% Triton
X-100/0.05 M TBS (TBST) solution containing 3% bovine
serum albumin or 4.5% normal goat serum, depending on
the staining. Sections were then incubated at+4 °C with
the 4G8 (Biolegend 800,706, 1/350), Ap42 (Invitrogen
44,344, 1/500) or pS422 (Abcam 79,415, 1/1000) antibody
diluted in a 3%BSA/PBST solution for 48 h or for 96 h with
the AT8 antibody (Thermo MN1020B, 1/500), in a 3%BSA/
TBST solution with the HLA-DR antibody (Dako M0746)
for 48 h or in a 5%NGS/TBST solution with the AT100
antibody (Thermo MN1060, 1/250) for 96 h. After rinsing,
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an incubation with the appropriate biotinylated second-
ary antibody diluted to 1/1000 in PBST or TBST was per-
formed for 1 h at RT, followed by a 1 h incubation at RT
with a 1:250 dilution of an avidin—biotin complex solution
(ABC Vectastain kit, Vector Laboratories®). Revelation
was performed using the DAB Peroxidase Substrate Kit
(DAB SK4100 kit, Vector Laboratories®). Sections were
mounted on Superfrost Plus slides (Thermo-Scientific®).
For the 4G8, AB42, AT8, AT100 and pS422 labellings, a
cresyl violet counterstain was performed. All sections
were then dehydrated in successive baths of ethanol at 50°,
70°, 96° and 100° and in xylene. Slides were mounted with
the Eukitt® mounting medium (Chem-Lab®).

For the Thioflavin S staining, free-floating sections
were first mounted on Superfrost Plus (Thermo-Scien-
tific®) slides and dried overnight. Sections were then
incubated with a Thioflavin S (Sigma T1892) solution for
20 min at RT. They were then incubated in ethanol 100°
and mounted with the FluorSave medium.

Free-floating sections were mounted on Superfrost Plus
(Thermo-Scientific®) slides and dried overnight prior to
Gallyas staining. All steps of the Gallyas staining were
performed between 20 and 25 °C. Section were permea-
bilized by successive incubations in toluene (2 x5 min)
followed by ethanol at 100°, 90° and 70° (2 min per solu-
tion). Slides were then incubated in a 0.25% potassium
permanganate solution for 15 min, in 2% oxalic acid for
2 min then in a lanthanum nitrate solution (0.04 g/l lan-
thanum nitrate, 0.2 g/l sodium acetate, 10% H202 30%)
for 1 h to reduce non-specific background. Several rinses
with distilled water were performed followed by an incu-
bation in an alkaline silver iodide solution (3.5% AgNO3
1%, 40 g/l NaOH, 100 g/1 KI) for 2 min. The reaction was
neutralized with 0.5% glacial acetic acid baths (3 x 1 min)
and sections were incubated for 20 min in a developing
solution (2 g/l NH4NO3, 2 g/l AgNO3, 10 g/l tungsto-
silicilic acid, 0.76% formaldehyde 37%, 50 g/l anhydrous
Na2CO3). Several rinses with 0.5% acetic acid (3 x 1 min)
followed by an incubation in 1% gold chloride solution
for 5 min were then carried out. Sections were rinsed
with distilled water and the staining was fixed with a 1%
sodium thiosulfate solution. All sections were then rinsed
with distilled water and dehydrated for 1 to 5 min in suc-
cessive baths of ethanol at 50°, 70°, 96° and 100° and in
xylene. Slides were mounted with Eukitt® mounting
medium (Chem-Lab®).

Image analysis

Z-stack images were acquired at 20 x (z-stacks with 16
planes, 1 um steps with extended depth of focus) using an
Axio Scan.Z1 (Zeiss®). Each slice was extracted individu-
ally in the.czi format using the Zen 2.0 (Zeiss®) software.
Image processing and analysis were performed with the
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Image] software (https://imagej.nih.gov/ij/). Images were
imported with a 50% reduction in resolution (0.44 um/
pixel), converted to the RGB format and compressed
in.tif format.

For the 4G8 immunostaining, the blue component of
each image was extracted along with the background in
order to remove the cresyl violet counter-staining from
the analysis. Segmentation was performed with a manual
threshold set at 202/255. Clusters of pixels with a radius
below 15 pm were removed. AP load was evaluated as
a percentage of 4G8-positive surface area in each ROI,
except for the hippocampus. In the hippocampus, the
number of plaques was manually counted as AP deposi-
tion was mainly concentrated in some areas and the eval-
uation of an overall staining was not appropriate. For the
AT8 staining, AD-like neurofibrillary tangles quantifica-
tion was performed by manually counting the lesions and
neuropil threads were evaluated by using a semi-quanti-
tative scoring system based on the intensity and extent of
the lesions (0=absent, 1=slight to moderate, 2=mod-
erate to severe). For the HLA-DR staining, a semi-quan-
titative analysis was performed by assigning a severity
score based on the intensity and extent of the staining at
the inoculation sites (0=absent, 1=slight, 2=moder-
ate, 3=severe). All quantifications were performed on
adjacent slices between A4.50 mm and P1.50 mm from
bregma. 4G8 and AT8 were analyzed on 10 slices, HLA-
DR on 3 slices adjacent to the inoculation site. ROIs were
manually segmented using a mouse lemur atlas previ-
ously presented by our group [27], which was based on
the reference atlases by Le Gros Clark [22] and Bons [4].

The three-dimensional rendering of AP and tau pathol-
ogies in mouse lemur brains was based on regions of
interests defined in a digital atlas of mouse lemurs [27].
Ap or tau lesions were reported within regions of inter-
ests using a three-level semi-quantitative scale (no
lesions/intermediate/high lesion load). The ITK-SNAP
software (http://www.itksnap.org) was used to create the
surface/2D renderings of lesion loads.

Statistical analysis

Statistical analysis was performed using the GraphPad
Prism software 9. For human brain characterization, data
are shown as mean=+standard deviation of the replicates.
Mouse lemur histological data are shown on scattered dot
plots with mean + standard error of the mean (s.e.m.) and
Mann—-Whitney’s test was carried out to compare results
between the AD1 and AD2 groups. Behavioral studies data
are shown as mean=standard error of the mean (s.e.m)
to represent performance evolution over time. Cognitive
and motor performances which included repeated meas-
ures were evaluated using a two-way repeated measures
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ANOVA with the Geisser-Greenhouse correction and Tuk-
ey’s multiple comparisons. The significance level was set at
p<0.05.
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Patient Neuropathology
Disease
ID Age Gender progression :::;vnil:;tue:; BBrraaaakkS:::e Thal phase CAA sym?iglein TDP43 Higs;:a']:'ilfal PrPSc

(months)
1-Ctrl 66 M 26 Il 0 0 0 0 0 0
2-Ctrl 76 M NA I 0 0 0 0 0 0
1-AD1 79 F 78 49 v 5 Type2 0 0 0 0
2-AD1 87 F 72 29 V-vi 4 Typel 0 0 0 0
3-AD1 89 F 96 31 Vv 5 Typel 0 0 0 0
4-AD1 71 M 66 54 Vi a4 Type2  Amygdala 0 0 0
1-AD2 84 F 6 79 v 4 Type2 0 0 0 0
2-AD2 81 F 36 NA Y 5 Typel 0 0 0 0
3-AD2 81 E 36 26 Vi 4 0 0 0 0 0
4-AD2 86 F 36 21 Vv 4 Type2 0 0 0 0

Two non-AD control individuals were also included in this study. NA: not available.

Supplementary Table 1: Patient characteristics. Age-matched slowly (AD1) and rapidly
(AD2) evolving AD patients were selected based on disease duration (over or under 36
months) and neuropathological evaluation, including similar Braak and Thal stages. Brains

were negative for a-synuclein, TDP43, hippocampal sclerosis and pathological prion PrPSc.

279



SUPPLEMENTARY FIGURES

Supplementary Figure

1

a

H

lman

Mac
Marmos
M.Lem
Mouse
Rat

Human
Mac
Marmos
M. Lem
Mouse
Rat

Human
Mac
Marmos
M. Lem
Mouse
Rat

Human
Mac
Marmos
M. Lem
Mouse
Rat

Human
Mac
Marmos
M.Lem
Mouse
Rat

Human
Mac
Marmos
M.
Mouse
Rat

Lem

Human
Mac
Marmos
M.Lem
Mouse
Rat

Human
Mac
Marmos
M.Lem
Mouse
Rat

b

60kDa

L e Ll e Exon l-———eemmmenmm e e— D Exon 2--
MAEPRQEFEVME DHAGTYGLGDRKDQGGY TMHODOEGDTDAGLKESPLOTPTEDGSEEPG
MAEPHQEEIVMEDMAGTYGLGDRKD ”YTMLQDQEGDTDAGLKESPLQTPIEDGSEL
MAEPRQE oHficTre L pgEGDTDEGLKES PLOTPREDGSEEFG
MAEPRQEFDVMEDHAETYGLGDRKDQGDY TLLODOEGDT DHGLKESSPQT PADDGSEEPG

MAIPRQEE EDHAGHY ODORG GLKES rRBDCEEE PG
MAEFRQE :pffac TMECDOEGDNDEGT

g ————————— T4>< Exon 3 i W15 b S Exon 4--—---
SETSDAKSTPTAEDVTAPLVDEGAPGKQAAAQPHTET PEGTTAREAGIGDTPELEDEAAG
SETSDAKSTPTAEDVTAPLVDE PGIQAAAQPHMEIPEUTTAEEAGIGDTPSLEDEAAG
DVTAPLVDERAPGKQAAAQPHTET PEGTTAEEAGIGDTHREDEAAG
A\EDVTAPLVGERAPGEQAAAQPRTEI PEGTTAEEAGIGDTPNLEDQARAG
TPTAEDVTAPLVDENAPDEQARAQPHTEI PEG) TAEEAGIGDTEIED":’—\_.
FD AG

AEEAGIGDTP

HVTQARMVSKSKDGTGSDDKKAKGADGKT--KIATPRGAAPPGOKGUANATRI PAKTPPAPK
HVTQARMVSKSKDGTGS DDKKAKGADGKT-~KT ATPRGAAPPGOKGOANATRT PAKTPPAPK
HVTQARMVSKSKDGTGIDDKKAKGADGKT**KIATPR\*AE‘PGQKGDANATRIFAKTFFAF‘K
HVTQARMVSKGRDGTGNDDKKAKGADGKT--K I ATPRGTAPPGOKG=ANATR I PAKTPPAPK
HVToARVES KBRS aWGADGKTI.KIATFRGi.;IE'QKF ATRIE PIPK
HVTQ sKDRTGHDEKKAKGADGKTERK T ATPRGAARPGOKGEENATR T PAKTHPEPK
jgi——=>< Exon 9
TPPSSGEPPKSGDREGYSSPGSPGTPGSRIRTPSLPTPPTREPKKVAVVRTPPKSPSSAK
TPPSSGEPPKSGDRSGYSSPGSPCTPGSRSRTPSLPTPPRE PKKVAVVRTPPKSPSSAK
TFPSSGE'PKSGDRSGYSSFGSFGTPGSRSRTPSLPTPE‘TREFKKVAWRTFFKSPSS'K
TPPGSGEPAKSGDRSGYSSPGSPGTPGSRSRTPSLETPPTREPKKVAVVRTPPKSPSSAK
‘1‘PaSGEFE‘quRSGYSSE’GgE’GTE’GSRSRTPSLE’TPE‘TREFKKVAVVRTEFKSPS“K
TPPESCEPPKSGERSGY3SPGSPGTPGSRSRTPSLETPPTRE PKKVAVVRTPPKSPS,

240" xon 9 D e et Exon L0===s==
SRLOTAPVPMPDLKNVKSKIGSTENLKHQPGGGKVQL INKKLDLSNVESKCGSKDNTKHY
SRLOTAPVEMPDLKNVKSKIGSTENLKHQPGGGKVQI INKKLDLSNVQSKCGSKDNIKHY
SRLOTAPYVPMPDLKNVKSKIGSTENLKHOPGGGKVQT INKKLDLSNVOSKCGSKONTKHY
SRLQTAPVPMPDLKNVRSKIGSTENLKHQPGGGKVQT INKKLDLSNVESKCGSKONTKHY
SRLOTAPVEMPDLKNVESKIGSTENLKHOPGGGKYQT INKKLDLSNVDSKCGSKDNTKHY
SRLOTAPVPMPDLKNVRSKIGSTENLKHQPGGGKVOT INKKLDLSNVDSKCGSKDNTKHY
jag==>< Exon 11 = Rats F-smrens

P GSVDIVYKPVDLSKVTSKCGSLGNIHHRPGGGOVEV] KLDFKDRVQSKIGSLDNT
PGGGSVQIVYKPYDLSKVTSKCGSLGNTHHKPGGGQVEVKSEKLDFKDRVOSKIGSLDN T
PGEGSVQIVYKPVDLSKVTSKCGSLGNTHHKPGGEQVEVKSEKLDFKDRVOSKIGSLDNT
PGGGSVQIVYKPVDLSKVTSKCGSLGN T HHKPGGGOVEVKSEKLDFKDRVOSKTGSLDNT
PGGGSVQIVYKPVDLSKVTSKCGSLGNI HHKPGEGQVEVKSEKLDFKDRVOSKIGSLDNT
PGGGSVQIVYKPVDLSKVTSKCGSLGNIHHKPGGGEVEVKSEKLDFKDRVQSKIGSLDNT
sepm === 369> Cmmmmmm e EXON 13==mmmmmmmm e
THVPGGGNKKIETHKLTFRENAKAKTDHGAE IVYKSPVVSGDTSPRHLSNVSSTGSIDMV
THVPGGGNKKIETHKLTFRENAKAKTDHGAE IVYKSPVVSGDTSPRHLSNVSSTGS I DMV
THVPGGGNKKIETHKLTFRENAKAKTDHGAE IVYKSPVVSGDTSPRELSNVSSTGS IDMV
THVPGGGNKKTETHKLTFRENAKAKTDHGAE TVYKSPVVSGDTS PRELSNVSSTGS TNMV
THVPGGGNKKIETHKLTFRENAKAKTDHGAEIVYKSPVVSGDTSPRHLSNVSSTGS I DMV
THVEGGGNKKIETHKLTFRENAKAKTDHGAE TVYKSPVVSGDTS PRELSNVSSTGSTDMY

DSPQLATLADEVSASLAKQGL
DSPQLATLADEVSASLAKQGL
DSPQLATLADEVSASLAKQGL
DSPQLATLADEVSASLAKQGL
DSPOLATLADEVSASLAKQGL
DSPQLATLADEVSASLAKQGL

S0kDa | e TauCter

60kDa [«

50kDa [+ TauNter

60kDa
50kDa

60kDa
50kDa |

60kDa

Tau3R

TaudR

50kDa | TauE2

40kDa

GAPDH

280



Supplementary Figure 1: Protein sequence issued from MAPT gene in mouse lemurs and
tau protein isoforms. (a) Comparison of proteins sequences for MAPT genes (issued from

http://www.ensembl.org/) in humans (MAPT-204 ENST00000351559.10), macaques (Mac:

MAPT-204 ENSMMUTO00000005855.4), marmosets (Marmos: MAPT-202
ENSCJAT00000039192.4), mouse lemurs (M. Lem: MAPT-201 ENSMICT00000067450.1),
mice (Mapt-201 ENSMUST00000100347.11), and rats (Mapt-201
ENSRNOT00000006947.8). Different exons are colored black and blue. Residue overlaps
splice sites are labelled in red. Differences between humans and mouse lemurs are
displayed in yellow. Differences between humans and other species are displayed in gray.
(b) Tau isoform expression was examined by immunoblots using antibodies specific for
tauCter, tauNter, tau3R, tau4R, and tauE2. TauCter, tauNter, tau3R, and tau4R were
detected in the five (non-inoculated) mouse lemurs evaluated in this study (967A, 9678,

184, 943, 965). Isoforms corresponding to exon 2 were not detected.
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Supplementary Figure 2: Characteristics of human brain samples and brain extracts

inoculated to animals. Representative images of Ctrl, AD1 and AD2 brain samples stained
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for AB (a-c) and tau (d-f) pathologies. Scale bars = 100 um. Three brain extracts were
prepared from 2 control individuals, 4 cases with a slowly evolving form of AD and 4 cases
with a rapidly evolving form of AD (Ctrl, AD1 and AD2 brain extracts, respectively). All
guantifications of the brain extracts (Ctrl, AD1 or AD2) were performed in duplicate and
data are shown as mean + standard deviation of the replicates. (g-i) Quantifications of total
APBss, ABaoand AP of the brain extracts (MSD technology). Both AD brain extracts had more
AB proteins compared to the Ctrl one. The AD1 extract showed more ABzg and ABaothan the
AD2 one. (j-I) Tau profile evaluation by western blot revealed a pathological
hyperphosphorylated tau triplet at 60, 64 and 69 kDa observed in AD and a typical shift in
the molecular weight of the Alzheimer Tau-Cter triplet in AD1 and AD2 brain extracts (j).
Total tau (k) and pathological phospho-tau 181 levels (I) were assessed using ELISA
guantification. Neuroinflammatory profile evaluation by western blots revealed higher
astrocytic presence (GFAP-positive) in AD1 and AD2 brain extracts compared to the Ctrl
extract (m-n). Microglial (Ibal-positive) levels were similar in the Ctrl, AD1 and AD2 groups

(m, o).
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Supplementary Figure 3

High

Intermediate

Supplementary Figure 3: Connectivity of the cingulate cortex in mouse lemurs. Three-
dimensional rendering of regions connected to the cingulate cortex. Regions are classified
according to three levels of connectivity (not connected/intermediate/high connectivity).
Connectivity was determined based on literature in primates (Vogt, 1987; Parvizi, 2006).
Three-dimensional rendering relied on a digital atlas of mouse lemurs (Nadkarni, 2019) and

on the use of the ITK-SNAP software (http://www.itksnap.org). The red arrows indicate the

needle tracts. Numbers represent Brodmann areas as reported in the mouse lemur brain by
(Le Gros Clark, 1931). AC: anterior cingulate cortex, EC: entorhinal cortex, F: antero-medial
frontal cortex, Fs: superior frontal cortex, H: hippocampus, PA: peri-amygdalar cortex, PC:
posterior cingulate cortex.

References

- Vogt BA, Pandya DN (1987) Cingulate cortex of the Rhesus-monkey .2. Cortical afferents. J Comp
Neurol 262: 271-289. https://doi.org/DOI 10.1002/cne.902620208

- Parvizi J, Van Hoesen GW, Buckwalter J, Damasio A (2006) Neural connections of the posteromedial
cortex in the macaque. Proc Natl Acad Sci USA 103: 1563-1568.
https://doi.org/10.1073/pnas.0507729103

- Nadkarni NA, Bougacha S, Garin C, Dhenain M, Picq JL (2019) A 3D population-based brain atlas of
the mouse lemur primate with examples of applications in aging studies and comparative anatomy.

Neuroimage 185: 85-95. https://doi.org/10.1016/j.neuroimage.2018.10.010

- Le Gros Clark WE (1931) The brain of Microcebus murinus. Proc Zool Soc London 101: 463-486.

284


http://www.itksnap.org/
https://doi.org/DOI%2010.1002/cne.902620208
https://doi.org/10.1073/pnas.0507729103
https://doi.org/10.1016/j.neuroimage.2018.10.010

Additional file 2 (movie to download)

Additional File 2: Movie showing three consecutive trials in a jumping stand apparatus.

The jumping stand apparatus evaluates learning and long-term memory performances of
lemurs using discrimination tests. The device is a vertical cage made of plywood walls,
except for the front panel which consists in a one-way mirror allowing observation. During
the test, the animal is placed on a elevated central platform (10 first seconds of the movie)
and must jump from this starting platform to one of the two landing platforms. Each landing
platform is associated with a different visual stimulus, characterized by a specific shape,
texture and pattern (circular object versus rectangular straw-mat in this example). For each
pair of visual stimuli, one is associated with a positive reinforcement (i.e. a stable landing
platform giving access to a 2-min rest in a wooden nesting box), whereas the other one is
associated with a negative reinforcement (i.e. an unstable landing platform leading to a fall
to the bottom of the cage). The mouse lemurs has to learn the rule by trial and error. In this

movie, during the first trial, the mouse lemur makes the wrong choice by jumping towards
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the straw-mat and falls. During the second trial, it changes its strategy and jump towards
the circular object. It keep the same strategy during the third trial. In this movie, one can

see how the lemur observes the different objects before its jump.
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1. The APP/PST1dE9 mouse model

AD diagnosis relies on the occurrence of both clinical signs and typical AR and tau
neuropathological lesions. These lesions spread in a highly stereotyped pattern throughout
the brain and are associated with a progressive neurodegenerative process including synaptic
loss. Neuropathological observational studies in humans have suggested the iatrogenic
transmission of AB and tau pathologies in patients exposed to compounds or neurosurgical
tools contaminated with AB and tau (Duyckaerts et al., 2018; Hervé et al., 2018; Jaunmuktane
et al., 2021, 2015b). Experimentally, the transmission of such pathologies has been widely
demonstrated in transgenic rodent models, through the intracerebral inoculation of either
synthetic or brain-derived proteopathic seeds (Clavaguera et al., 2013; Iba et al., 2013; Meyer-
Luehmann et al., 2006; Stohr et al., 2012). These models are valuable tools to better
understand AD pathophysiology and characterize the mechanisms involved in the
development and progression of AD cardinal features. However, few studies have evaluated

the functional and neuronal impacts of such transmission, especially in non-human primates.

Here, we recapitulated AB and tau pathologies, neuronal alterations and cognitive deficits in
two different models (APP/PS1dE9 mice and mouse lemur primates) through the intracerebral
inoculation of AD brain extracts. Furthermore, we explored the relationships between these

lesions and discussed the implications of such transmission for human pathology.

1. The APP/PS1dE9 mouse model

Brain homogenates (rpAD, clAD, Ctrl) were inoculated bilaterally (2 pl/site) in the dorsal
hippocampus (CA1) of 2-month-old APP/PS1dE9 mice. At this age, mice produce high levels of
AB leading to amyloid plaque deposition at around 4 months of age (Garcia-Alloza et al.,
2006b). This model expresses the endogenous murine tau protein isoforms and is not
transgenic for any human tau. Mice were euthanized 4 or 8 months after the inoculations

(mpi).

289



1. The APP/PST1dE9 mouse model

1.1. Transmission of AD-like neuropathological lesions after AD

brain extract inoculation

1.1.1. AB and tau pathologies

In accordance with several studies, AD brain extract intrahippocampal inoculation
progressively increased AB deposition in the hippocampus and surrounding areas of
APP/PS1dE9 mice, as opposed to AB-negative control brain inoculation (Kane et al., 2000;
Meyer-Luehmann et al., 2006). Additionally, substantial amounts of plagues were also
detected in other regions such as the perirhinal/entorhinal cortex. However, since no
significant difference was reported between the groups, we hypothesize that plaques
detected in this region may have mostly resulted from the model’s intrinsic expression of AB

pathology at 6 and 10 months of age (respectively for the 4 and 8 mpi cohorts).

Tau pathologies in the forms of neuritic plaques, neuropil threads and neurofibrillary tangles,
were also severely induced by AD brain extracts inoculation. Additionally, these lesions
progressively spread from the hippocampus to connected brain regions such as the
perirhinal/entorhinal cortex. Interestingly in this region, neuropil threads and neurofibrillary
tangles were mainly induced in the external layers (lI-1ll) of the cortex that project to the
dentate gyrus via the perforant pathway and to the CA1 region via the temporo-ammonic
pathway, respectively. Conversely, internal layers (V-VI) of the cortex that receive projections
from the CA1 region were not labeled. This suggests that tau spreading might have followed
a retrograde pathway. However, as many reciprocal and bidirectional connections occur
between these structures, additional experiments are needed to further support this

hypothesis.

Interestingly, some neuritic plaques were also observed in control-inoculated mice but these
lesions resembled those that spontaneously occur with age in our model (Metaxas et al., 2019)
and were associated with a lower AT8-stained area compared with the ones induced by AD
brain extract inoculation. Our results therefore highlight that, in accordance with a previous
study (He et al., 2018), AB plaques create a microenvironment that facilitates the occurrence
of tau lesions within neuritic plaques, and that such lesions are further amplified by the
exogenous exposure to human AD brains, presumably because of the presence of pathological

tau seeds. No difference in either AB or tau pathologies was reported between rpAD and clAD-
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1.1. Transmission of AD-like neuropathological lesions after AD brain extract inoculation

inoculated mice. Altogether, this model appears as a valuable tool to better understand AD
pathophysiology since it allows to evaluate the development of both AB and tau pathologies

in a context that does not rely on the artificial genetic manipulation of tau.

1.1.2. Neuroinflammation

Activated microglia and reactive astrocytes around AP and tau lesions are prominent features
of AD and growing evidence suggests that they play a crucial role in regulating AD pathology
(Serrano-Pozo et al., 2011b). In our model, microglial activity was assessed in various regions
including the hippocampus and perirhinal/entorhinal cortex. No difference in overall
microglial activation nor in microglial recruitment around amyloid plagques was reported
between the groups. Similarly, no difference in astrocytic reactivity was detected between the

inoculated groups.

Increased microglial activation has been associated with synaptic loss in experimental models
of amyloidosis and tauopathy (Dejanovic et al., 2018; Spangenberg et al., 2016). However,
experimental data and human genetic evidence, exemplified by the large effect of the loss-of-
function TREM2 mutations on AD risk and on microglial function, argues that microglia have a
protective function that lowers the incidence of AD (Hansen et al., 2018). In addition, imaging
studies in humans suggest that high microglial activity is associated with lower rates of decline
in early cases of AD (Hamelin et al., 2016). Despite the absence of inter-group differences, and
as discussed below (see Discussion chapter — § 1.3. Relationships between neuropathological
lesions), our model appears to support this hypothesis since reduced microglial activation was
linked to increased synaptic loss. Exploring the brain inflammatory status through the
measurement of pro- and anti-inflammatory factors could however further uphold this
hypothesis. In addition, the comparison of microglial morphology and transcriptomic analysis
of microglial populations around AB deposits or in lesion-free areas should provide valuable
information regarding the multiple states of microglial activation and their implication in the

pathology observed in our model (Hansen et al., 2018).
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1. The APP/PST1dE9 mouse model

1.2. Transmission of heterogeneous cognitive and synaptic profiles

after the inoculation of different AD brain extracts

Despite the fact that rpAD and clAD-inoculated mice did not display any differences in AB
deposition, tau pathology or neuroinflammation, differences in the levels of cognitive and

synaptic impairments were reported.

1.2.1. Alteration of specific cognitive functions

Two tasks evaluating memory function were performed on inoculated mice: an object
recognition task (V-maze) and a spatial memory task (Morris water maze). Interestingly at 8
mpi, novel object recognition, but not spatial learning and memory, deficits were detected in
mice inoculated with the rpAD brain extract compared to clAD- and Ctrl-inoculated animals.
This suggests the selective alteration of some networks involved in memory function and the

relative sparing of others in the rpAD group.

To evaluate this hypothesis, we further characterized tau pathology in areas of the
hippocampus and entorhinal cortex involved either in context-free memory (e.g. novel object
recognition) or in context-rich memory (e.g. spatial memory) (see Results chapter — § 1.3.
Complementary data). In both the hippocampus and the entorhinal cortex, areas associated
with context-free memory displayed more tau than the ones associated with context-rich
memory in AD-inoculated mice. As the severity of tau pathology correlates with cognitive
alterations in our model, this provides a possible explanation regarding the occurrence of
novel object recognition deficits and the absence of spatial memory alterations in rpAD-
inoculated mice. The context-free memory pathway directly implicated the inoculated area
(distal CA1) which could explain the more abundant tau load in this region and associated
projections (Bekiari et al., 2015; Groen et al., 2003; van Strien et al., 2009). No difference in
tau pathology was however reported in the context-free and in the context-rich memory
pathways between clAD and rpAD-inoculated mice. We hypothesize that synergistic
interactions between several factors (e.g. tau, microgliosis, AB), possibly associated with small
differences below the significance threshold, might have entailed dramatic changes in
cognitive performances. In addition, other factors, including soluble assemblies or various

strains of AP and tau, may have been implicated in the induction of such contrasting cognitive
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1.2. Transmission of heterogeneous cognitive and synaptic profiles after the inoculation of
different AD brain extracts

profiles (see Discussion chapter — § 1.4. Mechanistic hypothesis for heterogeneous

phenotypes).

As no difference in cognitive performance was observed at 4 mpi, our study suggests that
alterations occurred progressively and did not result from an acute process following human

brain inoculations.

It is however worth mentioning that mice cognitive functions can hardly be put in parallel with
human cognition, as the mouse brain shows major differences in terms of cortical architecture
and functional organization compared with the human brain. Additionally, the high attrition
rates in AD drug development following preclinical validation in rodents further underlies the
limited predictive validity of pharmacological effects on rodent cognition (Stephan et al.,
2019). Given their close evolutionary relationship to humans, resorting to non-human primate

models to confirm cognitive impacts of drug candidates appears essential.

1.2.2. Synaptic alterations

A decrease in synaptic density was observed in the hippocampus and perirhinal/entorhinal
cortex of rpAD-inoculated mice compared with Ctrl- and clAD-inoculated animals.
Interestingly, in our model, the severity of cognitive alterations correlated with synaptic
defects in the hippocampus. In humans, synaptic alterations lead to the collapse of neural
networks and are the best correlate to cognitive decline (Terry et al., 1991). Taken together,
these data further suggest that specific neuronal networks were disrupted following rpAD

brain extracts inoculation.

Further investigation would however be interesting to clearly identify the origins of the
synaptic impairments that were induced in our model. Here, we evaluated the colocalization
of pre- and postsynaptic markers as an index of synaptic density. More specifically, we
guantified the colocalization between Bassoon, a component of the presynaptic active zone
involved in its structural maintenance and a regulator of presynaptic ubiquitination and
proteostasis (Waites et al., 2013), and Homer1, a postsynaptic density scaffold protein that
regulates glutamatergic synapses and is involved in synaptic plasticity, calcium signaling and
spine morphogenesis (Yoon et al.,, 2021). In AD, the mechanisms associated with synaptic

damage are thought to involve axonal transport impairments, as suggested by the altered
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expression of genes associated with synaptic structural elements, vesicle trafficking and
release, neurotransmitter receptors and receptor trafficking (Overk and Masliah, 2014). Aside
from synaptic loss, changes in LTP and LTD involved in synaptic plasticity are also crucial in AD-
associated cognitive alterations. Thus, exploring the integrity of each of these functions using
other synaptic markers and through transcriptomic and electrophysiological experiments
could help to further characterize the origins of synaptic and cognitive changes resulting from

the exposure to rpAD brain extracts.

1.3. Relationships between neuropathological lesions

Synaptic alterations have been associated with both AR and tau in various experimental
models (Pooler et al., 2014; Selkoe, 2002; Spires-Jones and Hyman, 2014). In our model,
synaptic deficits were associated with the severity of tau pathology in the hippocampus and
the perirhinal/entorhinal cortex, therefore supporting the contribution of tau to synaptic
alterations. Tau-positive synapses can be engulfed by microglia through the complement
pathway therefore arguing that synaptic loss may result from inadequate pruning (Dejanovic
et al.,, 2018). Additionally, it has been suggested that tau may induce local apoptotic
mechanisms leading to phosphatidylserine exposure on synapses, to which C1q complement
proteins can bind (Paidassi et al., 2008) and act as a “eat-me” signal to microglia (Brelstaff et
al.,, 2018). Further investigation on the complement pathway activation in our model may
provide mechanistic explanations regarding the induced synaptic loss. Neuroinflammatory
factors such as Clq, C3 or IL-33 were shown to modulate synaptic density by altering their
formation and elimination (Dejanovic et al., 2018; Litvinchuk et al., 2018; Wang et al., 2021).
As we did not characterize the cytokinic profiles of our inocula, we cannot rule out that they
might have contained distinct concentrations or panels of pro- and anti-inflammatory

cytokines that could have influenced synaptic integrity.

Unexpectedly, AB pathology was weakly linked to synaptic changes in our model, which
contrasts with many studies (Selkoe, 2002; Spires-Jones and Hyman, 2014). It is however
important to underlie that since our model spontaneously develops high AB pathology, AB-
related synaptic changes might have similarly occurred in all of the experimental groups.

Indeed, the APP/PS1dE9 mouse model was shown to display a decrease in pre- and
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postsynaptic markers colocalization by the age of three months (Hong et al., 2016), as well as

LTP deficits by the age of 6 months (Viana da Silva et al., 2016).

Several studies have also suggested that microglia can engulf amyloid deposits and prevent
their toxicity by shielding them off from neurons (Condello et al., 2015). This protective activity
has been shown to depend on TREM2 and involves microglial activation into a disease-
associated state characterized by a decrease in “homeostatic” genes (e.g. CX3CR1, P2RY12,
TMEM119) and an increase in “neurodegeneration-related” genes (e.g. APOE, AXL, CSF1,
CLEC7a and some major histocompatibility complex class Il genes) (Hansen et al., 2018). In our
study, reduced synaptic density was associated with a decrease in microglial load and
activation. We hypothesized that a decrease in microglia-mediated amyloid shielding could
lead to increased synaptotoxicity. Preliminary studies do not support this hypothesis but
further investigation on the microenvironment surrounding lesions, more particularly on
microglia transcriptomic profile around plaques and tau deposits, is ongoing. In addition, the
presence of AB and tau accumulations at the synapse and the assessment of microglial
phagocytic function around synapses should provide more insight into the role of microglia in
synaptic loss. Interestingly, it has been suggested that through the elimination of AB-affected
synapses, microglia might prevent AB spreading and AB-mediated tau hyperphosphorylation,
and therefore protect neuronal networks from excessive damage (Edwards, 2019). In our
study, it is however important to underlie that no intergroup difference was observed in
microglial activation between Ctrl and AD-inoculated animals and no difference in AR and tau
loads was reported between clAD and rpAD brain-injected mice. This suggests that AD
heterogeneity might result from a cumulative effect of all these factors but, as discussed in
the next paragraph, does not rule out the involvement of other key players that have not been

captured in our study.

1.4. Mechanistic hypothesis for heterogeneous phenotypes

In our study, we provided the first experimental evidence that the intracerebral inoculation of
different sporadic AD brain extracts can have different impacts on synaptic density and
cognitive performances. However, despite these differences in rpAD and clAD-inoculated
mice, similar AB plagque burden, tau deposition levels and neuroinflammation were reported.

Multiple causes could be involved in the development of such contrasting pathologies,
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including differences in AP and tau inoculated doses. Indeed, inoculated AD brain extracts
showed similar levels of ABa;, but the rpAD brain extract displayed more phospho-taul81. A
complementary cohort of mice inoculated with normalized levels of phospho-taul81 showed
novel object discrimination performances that followed the same trend as the one previously
observed with the first cohort (see Results chapter — § 1.3. Complementary data). Indeed,
following phospho-taul81 level normalization, mice inoculated with the rpAD brain extract
still showed lower cognitive scores compared with the other groups, although no statistical
difference was reported possibly due to smaller group sizes and marked interindividual
variability. Altogether, these data suggest that differences between rpAD, clAD and Ctrl-

inoculated animals may not solely be explained by a dose effect.

In addition, differences in AP and tau oligomeric species associated with each form of AD could
also be involved. Indeed, many studies in humans and animal models have highlighted the
impact of soluble species in neuronal and glial alterations that underlie synaptic failure and
cognitive impairment in AD (Ferreira et al.,, 2015). In humans, AB oligomer cerebral and
plasmatic levels have been correlated with cognitive status (Meng et al., 2019; Tomic et al.,
2009), and increased levels of AB oligomers have been observed in synapses in early AD, prior
to plaque deposition (Bilousova et al., 2016). In addition, although NFT pathology correlates
with clinical decline and disease severity, neurodegeneration far exceeds NFT burden in AD
(Gomez-Isla et al., 1997; Nelson et al., 2012). Tau oligomers have also been detected in AD
brains (Lasagna-Reeves et al., 2012b), including in cortical synapses (Henkins et al., 2012), and
were correlated with memory loss in mice (Berger et al., 2007). Thus, it has been suggested
that insoluble fibrils, evaluated in our study, may not be toxic per se but rather act as reservoirs
of soluble bioactive oligomers (Shankar et al., 2008; Spires-Jones et al., 2009). The implication
of AB and tau oligomers and more particularly their presence at the synapse and their

interactions with microglia should be further investigated in our model.

In the context of AD, evidence for the existence of AB and tau strains has been suggested,
mainly in studies exploring the characteristics of genetic AD (Watts et al., 2014). The origin of
AD heterogeneity in sporadic forms of the disease is less studied. However, it has been
suggested that typical/classical AD and rapidly evolving AD phenotypes could be linked to

different AB and tau strains exhibiting distinct properties (Dujardin et al., 2020; Qiang et al.,
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2017; Rasmussen et al., 2017). Thus, it would be interesting to further characterize our human
brain samples and evaluate if each type of samples, i.e. clAD or rpAD, shows distinct strain-
like properties. Furthermore, the serial transmission of such properties in inoculated animals
should be evaluated. This study has been initiated in collaboration with the Brain Institute
(ICM, Paris), and promising preliminary results have already emerged (see Results chapter —
§ 1.3. Complementary data). Indeed, in consistency with previous studies as well as with our
mouse and lemur seeding experiments, we did not detect any differences in AB plaque load
between rpAD and clAD patients (Cohen et al., 2015; Drummond et al., 2017). Additionally,
heterogeneity in plaque morphology was particularly prominent in rpAD cases. This is
consistent with a recent study showing that AB assemblies molecular heterogeneity,
associated with distinct aggregation kinetics, can be linked to different subgroups of sporadic
AD (Di Fede et al.,, 2018). Moreover, structural diversity in ABsz and/or ABao, as well as
increased levels of AB42 oligomers were found to be associated with a rapid cognitive decline,
suggesting that AP fibril thermodynamics are different in clAD and rpAD patients (Cohen et
al., 2015; Qiang et al., 2017). Globally, morphometric analysis of AB deposits in our patients
reported that rpAD cases displayed smaller, denser and less convoluted plaques than clAD
cases. This is in line with a previous study showing that smaller particles of AB4z are found in
the hippocampus and posterior cingulate cortex of rpAD patients, compared to clAD patients
(Cohen et al., 2015). Further characterization of AB and tau assemblies at the biochemical,
biophysical and ultrastructural levels will be performed using mass spectrometry (Di Fede et
al., 2018), Forster Resonance Energy Transfer (FRET)-based biosensor (Sanders et al., 2014)
and real-time Quaking induced conversion (RT-QuIC) (Kraus et al., 2019) experiments to better
characterize our brain samples and assess the potential occurrence of a strain effect in our

models.
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2. The mouse lemur primate model

The host in which the proteopathic seeds are inoculated provides the biochemical and
physiological environment that modulates lesion emergence and functional impacts (Jucker
and Walker, 2013). Because of their phylogenetic proximity, NHPs have a brain environment
closer to the human brain than that of transgenic mice. In particular, the mouse lemur primate
appears as an emerging model of AD as many aspects of its pathological ageing process
resemble sporadic AD pathology. Indeed, it naturally models biological heterogeneity and
spontaneously develops AD-like lesions, including AR and tau deposits, impaired cognitive
function and brain atrophy, starting at 6 years of age. As in sporadic AD, these lesions are not

associated with specific mutations in APP or presenilin genes (Bons et al., 2006).

Brain homogenates were bilaterally inoculated in two independent cohorts of mouse lemur

primates (6.25ul/site, n=6/group). In_the first cohort (see Results chapter - § 2.

Encephalopathy induced by AD brain inoculation in a non-human primate), AD and Ctrl brain
extracts were injected in the hippocampus and overlying cortex of 3.5-year-old mouse lemurs.

The longitudinal follow-up lasted 18 months. In the second cohort (see Results chapter - § 3.

Transmission of AP and tau pathologies is associated with cognitive impairments in a
primate), two types of AD brains (AD1 and AD2) and a Ctrl brain extract were injected in the
posterior cingulate cortex and underlying corpus callosum of 1.5-year-old mouse lemurs. The

longitudinal follow-up lasted 21 months.

2.1. First transmission of an AD-like phenotype in a primate

2.1.1. AB and tau pathologies

Approximately 20% of mouse lemurs above the age of 6 can spontaneously develop AB and
tau lesions. Parenchymal AP plaques are predominantly observed in occipital and parietal
cortical regions (Languille et al., 2012). Tau lesions appear early in the neocortex and affect
the subiculum, entorhinal cortex and amygdala of animals over 8 years old (Bons et al., 2006;
Giannakopoulos et al., 1997). To limit the occurrence of spontaneous lesions in our models,
mouse lemurs were euthanized before the age of 6, i.e. at 5£0.2 years old for the first cohort,

and at 3.6+0.6 years old for the second cohort.
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For the first time in a NHP, we showed that AD brain extracts intracerebral inoculations can
induced both AB and tau pathologies. All of AD brain extracts-inoculated animals of the second
cohort indeed showed AP and tau lesions whereas no pathology was detected in any of the
Ctrl-inoculated lemurs. As in humans, diffuse and focal amyloid plaques were detected in the
parenchyma and vascular amyloidosis affected both small and large vessels. Tau pathology
was observed in the forms of neuropil threads and intracellular neurofibrillary tangle-like
lesions. AB and tau deposits were detected close to the inoculation sites and in several other
brain regions suggesting the effective seeding and spreading of both pathologies. AB and tau
deposition patterns in our study involved regions that are typically affected by AB or tau
pathologies in old lemurs (Bons et al., 2006; Giannakopoulos et al., 1997; Languille et al.,
2012). However, here, the fact A and tau deposits were also reported in several other brain
regions, involved young animals that are typically devoid of any lesions, and were induced
only and systematically after AD brain extracts inoculations, suggests that they did not occur

spontaneously but were rather induced by our experimental procedure.

Regions affected by AB and tau lesions were similar but did not completely overlap suggesting
that both pathologies might have occurred independently from each other. This is supported
by the fact that no correlation has been reported between AR and tau lesions in aged mouse
lemurs (Giannakopoulos et al., 1997). Interestingly, tau pathology did not affect some
temporal and occipital brain regions that were relatively close to the inoculation sites. This
suggests that the spatial progression of tau did not solely occur via a systematic isotropic
diffusion from the injection site to proximal regions. Finally, and as highlighted by studies
conducted on mice and old lemurs, variations in regional susceptibility to AP and tau
pathologies may also explain differences in their spatiotemporal depositions (Bons et al.,

2006; Eisele et al., 2009; Giannakopoulos et al., 1997; Iba et al., 2013; Languille et al., 2012).

Previous studies have evaluated AB and tau pathology induction in primates following the
inoculation of AD brain extracts or synthetic aggregates. In particular, a 3.5 to 7-year-long
study conducted on marmosets (Callithrix jacchus) intracerebrally inoculated with large
volumes of AD brain extracts (300 pl of 10% homogenates distributed within 6 inoculation
sites) induced moderate amyloid deposition in most animals but did not lead to tau lesions

nor to other AD-like pathological features (Baker et al., 1994, 1993a, 1993b; Ridley et al.,
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2006). Interestingly, intracerebroventricular injections of synthetic AR oligomers in adult
cynomolgus macaques were shown to promote tau pathology, neuroinflammation and
synaptic loss. However, this study required a heavy procedure involving repeated injections
of high doses of oligomers and failed to induce fibrillary amyloid deposits (Forny-Germano et
al., 2014). Given the complex interactions between AB and tau pathologies in AD (Busche and
Hyman, 2020 & see Introduction chapter - § 1.7. AD pathophysiology), the occurrence of both
lesions in the same model appears to be critical in order to replicate AD pathogenesis. In
particular, the absence of both AP and tau neuropathological lesions could contribute to poor
translation between preclinical and clinical trials. Comparatively, our experimental design
therefore seems more advantageous, as it induces both AB and tau pathologies and only

requires a single surgery involving small volumes of injected material.

In our first cohort of lemurs, the sparsity of AB and tau lesions was striking. The seeding ability
of the AD brain extracts was confirmed in transgenic mouse models of amyloidosis and
tauopathy, thus underlining the influence of the host in the occurrence of neuropathological
lesions. Discrepancies in neuropathological findings between our two cohorts of lemurs could
result from specific properties of the seeding agents and the impact of local environment, i.e.
the inoculated brain regions. Indeed, for the second cohort, we sonicated each sample before
inoculation as this procedure was shown to increase the seeding and spreading capacities of
brain extracts, by generating smaller and more bioactive AP and tau aggregates that can more
readily propagate through the brain than large fibrils (Langer et al., 2011). In addition, our
surgical procedure was refined and allowed more precise injections into highly connected
brain areas, i.e. the corpus callosum and overlying posterior cingulate cortex. The former is
indeed the major commissural tract connecting both hemispheres and the latter is a functional
connectivity hub in mouse lemurs (Garin et al., 2021) and humans (Buckner et al., 2009). The
posterior cingulate is moreover involved in the default-mode network which is disrupted and
highly vulnerable to AB deposition in AD (Buckner et al., 2009). Therefore, we hypothesize that
introducing misfolded seeds into these particular regions might have further promoted the

spreading of AD neuropathological lesions throughout the brain.
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2.1.2. Neuroinflammation

A localized neuroinflammatory response was detected in Ctrl and AD brain extracts-inoculated
lemurs, but not in non-injected animals. This suggests that the inoculation of human brain
extracts can lead to a chronic neuroinflammatory response. No difference in microglial and/or
astrocytic activations was however reported between the groups of AD- or Ctrl-inoculated
mouse lemurs, in both cohorts. This suggests neuroinflammation cannot explain most of the
differences observed between AD- and Ctrl-inoculated animals. However, one cannot exclude
that subtle changes in cell morphology or differences in secreted mediators reflecting
different stages of glial activation could have occurred. In marmosets, the co-injection of AB
fibrils and lipopolysaccharide showed that animals suffering from chronic inflammation
developed plaques after 5 months as opposed to the ones that only received AB fibrils
(Philippens et al., 2017). This highlights the role of immune modulation on the development

of amyloidosis in NHPs and the need for further investigation in our model.

2.1.3. Cognitive impairments

Longitudinal evaluation of cognitive performances was performed periodically in a jumping
stand apparatus, designed to take into account the mouse lemur’s arboreal lifestyle as well as
its sensorial and behavioral skills. Learning and long-term memory were evaluated using
discrimination tasks. For the second cohort only, a reversal learning test was also performed
to evaluate cognitive flexibility at the final timepoint. Learning abilities were similar in all
groups before the inoculation. As expected, human brain inoculations did not affect motricity
in mouse lemurs. This suggests that performances in the jumping stand apparatus were not

impacted by motor dysfunction.

Interestingly, each cohort of mouse lemurs displayed different profiles of cognitive alterations
in accordance with the inoculated regions and induced neuronal alterations. In the first
cohort, mouse lemurs were inoculated in the hippocampus and showed a global decrease in
learning performances but mostly, memory function was impacted compared to Ctrl animals.
In the second cohort, inoculated in the posterior cingulate cortex, learning and reversal
discrimination performances were altered in AD-inoculated mouse lemurs whereas memory
was preserved. Surprisingly in this cohort, ADs and Ctrl groups all passed the learning task with
a perfect score at 15 mpi, although AD-inoculated lemurs performed significantly worse than
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Ctrl-inoculated animals both at the previous and at the next timepoints of the follow-up (i.e.
at 9 and 21 mpi). Possible explanations include that animals exhibited a positive transfer of
learning resulting from successive trainings at previous timepoints and the fact that the pair
of visual cues used at 15 mpi for the learning task was unexpectedly easier to discriminate

than the other ones.

In the reversal discrimination task, Ctrl-inoculated animals performed two and five times
better than AD1 (i.e. clAD) and AD2 (i.e. rpAD) animals respectively, and although no statistical
difference was observed, the AD1 group performed two times better than the AD2 group. This
is reminiscent of our behavioral data collected in large cohorts of mice in which the rpAD
group performed worse than Ctrl and clAD-inoculated animals. Here, a similar trend was
observed despite the small size of mouse lemur groups and might suggest the transmission of
heterogeneous cognitive profiles in primates, although further investigation is required to

support this hypothesis.

Altogether, mouse lemurs inoculated with AD brain extracts in specific brain regions can
therefore develop cognitive alterations that are clinically relevant in AD patients for whom
memory and learning abilities are typically disrupted at early stages of the disease (Jahn,

2013).

2.1.4. Morphological and neuronal alterations

Strong bilateral atrophy affecting several brain regions was observed using voxel-based
morphometric analysis of anatomical MRIs performed on AD-inoculated mouse lemurs. The
course of atrophy evolution in both cohorts suggests that gray matter loss was not related to
an acute toxic reaction following human brain extracts inoculations. In both of our studies, the
limbic system was involved but each sub-region was more or less impacted according to the
inoculation sites. For instance, a marked widespread atrophy of the hippocampus was
reported in the first cohort whereas in the second one, hippocampal atrophy remained very
localized. Conversely, the posterior cingulate cortex, its surroundings and projection areas
were more impacted in the second cohort. Taken together, gray matter loss was reported to
start close to the inoculation sites and gradually spread to several other brain regions in both

cohorts.
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Neuronal loss in the hippocampus (CA3) and entorhinal cortex (layers 1l-Vl) accompanied brain
macroscopic atrophy in the first cohort. These regions are connected by the perforant path
(Deng et al., 2010), and layer Il of the entorhinal cortex is connected to the posterior cingulate
and retrosplenial cortices (Bird and Burgess, 2008), suggesting that neuronal loss occurred
within an organized network rather than randomly. In addition, neuronal activity evaluated by
EEG measures in the frontal cortex was progressively impaired suggesting a long-distance

functional impact of AD brain extracts inoculations.

Stereology analysis and synaptic loss evaluation in macroscopically atrophied regions
observed in the second cohort would also allow a better characterization of neuronal
alterations occurring in our model. In addition, resting-state functional MRIs based on blood-
oxygen level dependent signals were performed during the follow-up of this second cohort
and are currently processed to evaluate potential disruptions of functional connectivity.
Indeed, AP and tau are known to alter brain connectivity in mice (Bero et al., 2012; Degiorgis
et al., 2020), and in our study, both pathologies were severely observed in atrophied regions
associated to the default-mode network, including the posterior cingulate cortex, which is
disrupted in AD (Buckner et al., 2009). Importantly however, although closer to the human
brain than rodents, one limitation of the mouse lemur brain lies in its small size (approximately
23 mm long, 18 mm wide and 1.7g weight) and its distinct macroscopic organization showing
reduced cortical surface in comparison with humans (Bons et al., 1998; Le Gros Clark, 1931).
Nonetheless, the evaluation of relationships between connectivity impairments and

neuropathological lesions in a primate would have a strong translational value.

2.2. Relationships between induced pathological hallmarks

In mouse lemurs, the first cohort was inoculated in the hippocampus and overlying parietal
cortex. This led to cerebral atrophy in these regions along with memory dysfunction. Brain
regions showing neuronal loss (e.g. the hippocampus and entorhinal cortex) are involved in
memory function for contextual information that is important for the long-term retention of
a simple visual discrimination task (McDonald et al., 2007; Ranganath and Ritchey, 2012).
Neuronal loss affecting this network could therefore participate in the occurrence of spatial
memory deficits observed in this cohort. In contrast, our second cohort was inoculated in the

posterior cingulate cortex and underlying corpus callosum. The atrophy of the posterior
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cingulate cortex along with prefrontal regions and basal ganglia was consistent with the
decline in object discrimination learning and cognitive flexibility in AD-inoculated animals.
Indeed, alterations of these regions can lead to impairments of the executive system function
involving response inhibition, resulting in difficulties in learning new associations and
perseverative tendencies (lzquierdo et al., 2004; Ridley et al., 1981; Wilson and Gaffan, 2008).
In addition, alterations in the perceptual analysis of the stimuli or a dysfunction of attentional
or reinforcement mechanisms could also contribute to visual discrimination learning and
reversal learning deficits (Ridley et al., 1981). Altogether, these data suggest that, as in
humans, macroscopic alterations targeting specific brain regions can result in the impairment

of distinct AD-relevant cognitive functions in the mouse lemur.

NFT deposition has been associated with clinical decline and neurodegeneration in humans
(Nelson et al., 2012). In our model, mouse lemurs displayed severe amounts of AB and tau
lesions in the posterior cingulate cortex and surrounding areas, which is consistent with the
pattern of brain atrophy. However, atrophy was also observed in some regions, e.g. the basal
forebrain and basal ganglia, devoid of such lesions. Tangles were shown to form after cognitive
decline and neurodegeneration onset in different models (Mroczko et al., 2019).
Neurodegeneration occurring in these AB- and tau-negative regions may therefore result from
the presence of soluble aggregates since such species have been associated with neuronal and
cognitive alterations in humans and animal models, as previously discussed (see Discussion
chapter — § 1.4. Mechanistic hypothesis for heterogeneous phenotypes). In the first cohort,
the absence of lesions despite the occurrence of cognitive, morphological and functional
alterations also suggests the involvement of soluble species and is reminiscent of suspected
non-Alzheimer’s pathophysiology (SNAP) cases showing neurodegeneration and functional
impairments but no evidence of AB and tau pathologies (Chételat et al., 2016; Jack et al.,
2018). Investigating the role of soluble oligomeric species in the induced phenotypes and
establishing the relationships between soluble species, insoluble aggregates, morphological

and functional alterations thus appear critical to further characterize our model.

2.3. Implications for human pathology

Although no evidence suggests the transmission of AD in humans, many questions remain

following the several observational studies showing that AB pathology is indeed transmissible
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(Jaunmuktane et al., 2015b). In particular, whether tau pathology can also be transmitted in
humans remains unclear. Only one recent article suggested that widespread tau deposition
could be detected in patients with iatrogenic A pathology, but whether tau pathology was
directly transmitted or a consequence of AB deposition remains uncertain (Jaunmuktane et
al., 2021). Experimental studies conducted on transgenic mouse models have suggested that
both AB and tau lesions can be transmitted, but these models are mostly based on the
overexpression of mutated human genes (Clavaguera et al., 2013; Meyer-Luehmann et al.,
2006). Here, we clearly showed that both AP and tau lesions can be transmitted in a primate
expressing physiological levels of endogenous APP and tau proteins. In our second cohort, this
transmission was observed in all of AD brain extracts-inoculated animals and was replicated
using two different batches of AD brain extracts. As tau was detected at high levels and not
necessarily in the direct vicinity of AB lesions nor in the same regions, we hypothesize that tau
pathology was directly transmitted, as opposed to only being a consequence of AB deposition.
Thus, our results provide strong arguments for the reinforcement of preventive procedures
involving non-standard decontamination methods to ensure the complete removal of
misfolded seeds from compounds and surgical instruments and prevent the potential
transmission of both AB and tau pathologies. Indeed, archival vials of human cadaver-derived
growth hormones have been shown to contain both AB and tau seeds (Duyckaerts et al., 2018;
Purro et al., 2018), therefore potentially exposing receiving patients to AB and tau iatrogenic

transmissions.

In humans, iatrogenic AB, and potentially tau, pathologies were detected several decades
following the putatively triggering medico-surgical act. In our study, they were observed after
a relatively short incubation period of 21 months in young (1.5-year-old) primates that are
typically devoid of any lesions at this age. We hypothesize that this might, at least in part, be
due to the extensive sonication of brain extracts prior to inoculation. To our knowledge,
samples suspected to be responsible for the iatrogenic transmission of AP and tau pathologies
in humans did not undergo such procedure, thus potentially explaining much longer

incubation times.

Whether AB and tau iatrogenic transmissions can be associated with clinical impacts in

humans remains to be elucidated. Here, our experimental study outlines that AB and tau
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transmissions in a primate can be associated with cognitive impairments and cerebral atrophy.
Even if we cannot conclude on a causal link between AB and tau depositions and clinical
manifestations, this suggests that the exposure to misfolded AB and tau seeds contained in
AD brains might lead to clinical alterations. Although extremely challenging, our data thus
emphasize the need for a systematic monitoring of morphological and functional alterations

in individuals at risk of developing iatrogenic AR and tau pathologies.
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Conclusion & Perspectives

Observational studies in humans have suggested that AB and tau pathologies are transmissible
through a mechanism similar to that of acquired prion diseases (Duyckaerts et al., 2018;
Jaunmuktane et al., 2021, 2015b). Experimentally, the demonstration of such transmission has
been widely performed in mice overexpressing mutated human genes, and following the
inoculation of synthetic or brain-derived proteopathic seeds (Clavaguera et al., 2013; Iba et
al., 2013; Meyer-Luehmann et al., 2006; Stohr et al., 2012). These models are valuable tools
to better understand AD pathophysiology and characterize the mechanisms involved in the

development and progression of AD cardinal features.

Here, we showed that the intracerebral inoculation of human AD brain extracts can modulate
both AR and tau lesions, in AB plaque-bearing mice expressing physiological levels of
endogenous murine tau. The inoculation of various AD brain extracts led to different levels of
cognitive impairments associated with synaptic loss. Synaptic and cognitive alterations were
associated with multiple factors, including the severity of tau pathologies and lower microglial
activity, as well as AB deposition for cognitive changes. Taken together, our study highlights
the major contribution of tau to AD-related neurodegenerative processes and suggests that
microglial activity may protect against synaptic loss. Ongoing investigation on the
microenvironment surrounding AP and tau lesions, with a particular focus on microglial
activation profiles, as well as on the involvement of soluble aggregates and distinct strains
could further provide mechanistic explanations about the heterogeneous phenotypes induced

by various AD brain extracts.

Several questions remain unanswered regarding the consequences of AB and tau iatrogenic
transmissions. Here, we provided the first experimental evidence of an AD-like phenotype
transmission in a primate that includes AB and tau pathologies, cognitive deficits and cerebral
atrophy. Our work has many implications since it supports recent evidence suggesting that AB
and tau can be transmitted in humans and outlines that such transmission can be associated
with morphological and cognitive alterations. Reinforcing surgical tool decontamination
procedures and implementing a systematic monitoring of individuals at risk for AR and tau
iatrogenic transmission thus appear critical. Furthermore, our results also suggest that AD
brain-inoculated mouse lemurs are highly relevant models to explore AD pathophysiology and

could ensure a greater translation of preclinical studies to clinical trials.
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Abstract

In humans, iatrogenic transmission of cerebral amyloid-{3 (AB)-amyloidosis is suspected following inoculation of
pituitary-derived hormones or dural grafts presumably contaminated with AP proteins as well as after cerebral surger-
ies. Experimentally, intracerebral inoculation of brain homogenate extracts containing misfolded A can seed AR
deposition in transgenic mouse models of amyloidosis or in non-human primates. The transmission of cerebral Af3

is governed by the host and by the inoculated samples. It is critical to better characterize the propensities of differ-
ent hosts to develop AB deposition after contamination by an AB-positive sample as well as to better assess which
biological samples can transmit this lesion. AB precursor protein (huAPP,,,) mice express humanized non-mutated
forms of AB precursor protein and do not spontaneously develop AR or amyloid deposits. We found that inoculation
of AB-positive brain extracts from Alzheimer patients in these mice leads to a sparse AP deposition close to the alveus
18 months post-inoculation. However, it does not induce cortical or hippocampal AR deposition. Secondary inocu-
lation of apparently amyloid deposit-free hippocampal extracts from these huAPP,,, mice to APP,./PS1 4z mouse
models of amyloidosis enhanced AR deposition in the alveus 9 months post-inoculation. This suggests that AP seeds
issued from human brain samples can persist in furtive forms in brain tissues while maintaining their ability to foster
AB deposition in receptive hosts that overexpress endogenous AR. This work emphasizes the need for high-level
preventive measures, especially in the context of neurosurgery, to prevent the risk of iatrogenic transmission of Af3
lesions from samples with sparse amyloid markers.

Keywords: (3-amyloid pathology, Alzheimer's disease, AR transmission

Introduction

Epidemiological data suggest that, in humans, iatro-
genic cerebral ApB-amyloidosis can be induced following
administration of cadaver-sourced human growth hor-
mone [3, 9] or dura mater graft [8] containing amyloid-p
(Ap) proteins as well as after cerebral surgeries potentially
involving tools contaminated with A [10]. In addition to
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[1, 8, 10]. AP deposition can be induced experimentally
in mouse models that overexpress mutated forms of A
protein precursor (APPP) after intracerebral inoculation
of AB-containing brain extracts issued from transgenic
mouse models of amyloidosis or from Alzheimer’s dis-
ease patients [5, 14]. The experimental transmission of
AB-amyloidosis is considered to be related to AB seeds
that act as self-propagating agents responsible for its
initiation, progression and spreading in the brain. It has
been observed that there is variability in the develop-
ment of AP deposition between different hosts, e.g. dif-
ferent mouse models, which implies that host factors are
critical for in vivo seeding [14]. The ability to induce Ap
deposition is also governed by the inoculated samples
[14]. In order to assess the risk of iatrogenic contamina-
tion, it is critical: (1) to extensively characterize the hosts
in which AP deposition can be induced, especially in ani-
mals with low propensities to develop amyloidosis; (2) to
evaluate the potential of different brain samples to induce
AP deposition. Our group recently showed that inocula-
tion of human AD brain extracts to non-human primates
that have a cerebral environment close to the human one
can induce cerebral AP deposition [5]. Here, we found
that intra-hippocampal inoculation of human AD brain
extracts to huAPP,, mice, a model that expresses human-
ized non-mutated forms of APPP and does not sponta-
neously develop amyloid deposits, induces slight AP
deposition in regions surrounding the alveus but not in
other parts of the hippocampus or brain regions. This
suggests that induction of cerebral AB deposition is low
in models that have a low propensity to develop amyloid
pathology. We then showed that apparently AB-deposit-
free hippocampal samples from AD-inoculated huAPP,,
mice enhance A deposition in the APP,./PS1,y mouse
model 9 months after their intrahippocampal inocula-
tion. Thus, AP seeds can be transmitted from apparently
ApB-deposit-negative samples and induce AP deposition
in hosts that have a high propensity to develop amyloid
pathology. This suggests that the prevention of iatrogenic
amyloid transmission from one patient to another does
not rely solely on the amyloid status of the donors since
samples with sparse Ap lesions can induce pathology in a
receptive host.

Materials and methods

Human brain samples

Frozen brain tissue samples (parietal cortex) from two
Alzheimer’s disease patients (Braak stage VI, Thal phases
5 and 4, respectively) and one control individual that did
not show clinical or histological signs of neurological dis-
ease (Braak stage/Thal phase 0) were obtained through
a brain donation program of the Brainbank Neuro-CEB
Neuropathology Network. The consent forms were
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signed by either the patients themselves or their next of
kin in their name, in accordance with French bioethics
laws. The Brainbank Neuro-CEB Neuropathology Net-
work has been declared at the Ministry of Higher Educa-
tion and Research and has received approval to distribute
samples (agreement AC-2013-1887).

Detailed histological and biochemical characterization
of these brains were previously published, as well as the
preparation and assessment of human brain homoge-
nates [5]. Operators were blinded to the status of the
patients. The routine detection of AP and tau deposits
was performed with the 6F3D anti-Ap antibody (Dako,
Glostrup, Denmark, 1/200) and polyclonal anti-tau anti-
body (Dako, Glostrup, Denmark, 1/500). Parietal cortex
homogenates (20% weight/volume in a sterile 5% glu-
cose solution) were aliquoted into sterile polypropylene
tubes and stored at — 80 °C until use. The 20% aliquoted
homogenates were diluted to 10% (w/v) in sterile Dul-
becco’s phosphate-buffered saline (PBS, Gibco, Ther-
moFisher Scientific, France) extemporaneously prior to
inoculation in mice. The extracts from the two Alzheimer
brain samples were shown to be able to induce amyoid
deposition four months after inoculation in two-month-
old female APP,, . /PS1:o mice [5].

Ethical statement for animal experiments

All animal experiments were conducted in accord-
ance with the European Community Council Direc-
tive 2010/63/ECC. Animal care was in accordance with
institutional guidelines and experimental procedures
were approved by local ethical committees (APAFIS
2015062412105538 v1; ethics committees CEtEA-CEA
DSV IdF N°44, France). They were performed in a facility
authorized by local authorities (authorization #D92-032-
02), in strict accordance with recommendations of the
European Union (2010-63/EEC), and in compliance with
the 3R recommendations. Animal care was supervised
by a dedicated veterinarian and animal technicians. Ani-
mals were housed under standard environmental condi-
tions (12-h light-dark cycle, temperature: 22 £ 1 °C and
humidity: 50%) with ad libitum access to food and water.

Animals and overall experimental plan
Transgenic mouse models
The overall experimental plan is described in Fig. 1.

First, three experimental groups were initially cre-
ated for experiments involving female huAPP , mice.
These transgenic animals express a wild type form of
the P-amyloid peptide precursor (APPP) [16]. Mice
involved in this study were heterozygous. These mice
do not display any AP deposits even at late age [15].
HuAPP,, mice were stereotaxically inoculated, in
the hippocampus, at 2 months of age with AD brain
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Fig. 1 Experimental scheme summarizing the injection procedures and time points

homogenates from the two different AD patients
(AD-huAPP,,, n=6 for AD1, n=6 for AD2) or with
control human brain homogenate (CTRL-huAPP,,
n=_8). Their brains were collected at 20 months of age
(18 months post-inoculation) and used for histologi-
cal and biochemical analyses. Data from huAPP,, mice
inoculated with AD brain homogenates were pooled
for statistical analysis. We thus compared two groups
of animals, CTRL-huAPP,, (n=8) and AD-huAPP,
(n=12). Brains from huAPP, mice were also used
to prepare hippocampal homogenates for secondary
injection into APP,./PSljzy mice. Two homogen-
ates were prepared. The first one was made from the
hippocampi of huAPP,, mice inoculated with either
AD1 (n=6) or AD2 (n=6) that were pooled to serve
as a single homogenate. The second one was issued
from the hippocampi of huAPP,, mice inoculated
with CTRL brains (n=8). The APP,./PS14, trans-
genic mice express mutated forms of both human ABPP
(APP,.: KM670/671NL) and presenilin 1 (deletion of
exon 9) at high levels all throughout the brain and pre-
sent with amyloid plaques and amyloid angiopathy [4].
Two experimental groups were followed-up: APP,./
PS14po mice inoculated with brain homogenates from
AD-huAPP,, mice (AD-APP,./PS1 s, n=6) or from
CTRL-huAPP,, mice (CTRL-APP, /PS14z, n=5). The
mice were stereotaxically injected, in the hippocam-
pus, at 2 months of age. Their brains were collected at
11 months of age (9 months post-inoculation).

Stereotaxic injections and mouse brain collection
Inoculations were performed bilaterally in the dorsal hip-
pocampus (AP —2 mm, DV —2 mm, L +1 mm [17]). The
animals were anaesthetized by an intraperitoneal keta-
mine-xylazine injection (Imalgéne 1000, Merial, France
(1 mg/10 g); 2% Rompun, Bayer Healthcare, Leverkusen,
Germany (0.1 mg/10 g)) and placed in a stereotaxic frame
(Phymep, France). Respiration rate was monitored and
body temperature was maintained at 37 &+ 0.5 °C with a
heating blanket during surgery. After making a midline
incision of the scalp, burr holes were drilled in the appro-
priate location. Bilateral intrahippocampal injections
of 2 uL 10% brain homogenates were performed with a
26-gauge needle. The surgical area was cleaned before
and after surgery (iodinate povidone, Vetedine, Vetoqui-
nol, France), the incision sutured, and the animals placed
in an incubator (temperature 25 °C) and monitored until
recovery from anesthesia.

Animals were euthanized with an overdose of sodium
pentobarbital (100 mg/kg intraperitoneally), followed
by intracardiac perfusion with phosphate-buffered
saline (PBS, Gibco, ThermoFisher Scientific, France) for
APP, /PS14zy mice only. Indeed, to preserve soluble
AP species at best in the brain of huAPP,, mice initially
inoculated with human brain homogenates, we decided
not to drain their brains with PBS. The left hemisphere
was post-fixed with 4% paraformaldehyde in PBS for his-
tological analysis. The right hemisphere was dissected
to extract the hippocampus, which was immediately
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snap-frozen in liquid nitrogen and stored at —80 °C for
biochemical analysis and homogenate preparation.

huAPPwt mouse brain homogenate preparation
Hippocampi from huAPP,,, mice were sonicated 6 times
(cycle 0.5, amplitude 30%, Heidolph, Entraigues sur la
Sorgue, France) in Dulbecco’s PBS (10% m/m). They
were then homogenized using ceramic beads (CK14-
KT03961-1-003.2) and a Precellys 24 tissue homogenizer
(Bertin Instrument, France) at 5000 rpm for 20 s. Sam-
ples were vortexed for 2 min, sonicated for 5 s (cycle 1,
40 amplitude units, 80 W) and centrifugated at 3000 g for
5 min. The supernatant was aliquoted and stored at — 80
°C. Samples were extemporaneously sonicated 20 times
(cycle 0.5, 20 amplitude units) before injection in APP./
PS14p¢ mice. A fraction of all the huAPP,,, mouse hip-
pocampal homogenates, either AD- or CTRL-inoculated,
were pooled to prepare the two homogenates injected in
the brains of APP,./PS1 4o mice.

swe

Immunohistochemistry and microscopic image analysis

The 4% paraformaldehyde post-fixed hemispheres were
cryoprotected using 15% and 30% sucrose solutions.
Series of brain coronal sections (40-um-thick) were
cut on a sliding freezing microtome (SM2400, Leica
Microsytem). The floating histological serial sections
were preserved in a storage solution (30% glycerol, 30%
ethylene glycol, 30% distilled water, and 10% phosphate
buffer) at — 20 °C until use. Serial sections of the entire
brain were stained for the evaluation of AP pathology
(4G8 immunohistochemistry and Congo red staining).
For 4G8 immunohistochemistry brain sections were
rinsed with PBS, pre-treated with 70% formic acid for
3 min (only for biotinylated-4G8) and then incubated in
0.3% hydrogen peroxide for 20 min. Sections were then
blocked with PBS-0.2% Triton (Triton X-100, Sigma, St
Louis, MO, USA) and 4.5% normal goat serum (NGS) for
30 min before overnight incubation with biotinylated-
4@G8 at 4 °C (1:500; Biolegend Covance #SIGNET-39240,
monoclonal). The sections stained were rinsed with PBS
and then incubated with ABC Vectastain (Vector Labs)
before diaminobenzidine tetrahydrochloride (DAB) rev-
elation (DAB SK4100 kit, Vector Labs). For Congo red
staining, sections were pretreated with 1% NaOH in 80%
EthOH saturated with NaCl for 30 min. Then, they were
immersed in the same solution saturated with Congo red
for 30 min. Image of stained sections were digitized with
a Zeiss Axio Scan.Z1 (Zeiss, Jena, Germany) whole slide
imaging microscope at X20 (0.22 pum in plane resolu-
tion). Sections stained for AP or Congo red were blindly
analyzed using Image] software [18]. AP deposits were
segmented from 4G8-immunostained sections by apply-
ing a threshold (value of 100) on the blue component of
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the 8-bit images. AP burden was evaluated as the per-
centage of surface occupied by the 4G8 staining inside
delineated regions of interest as well as the number of
plaques per unit of surface. They were quantified in four
regions: the hippocampus, parietal cortex, entorhinal
cortex, and a region that follows the virtual ventricle that
borders the alveus of the hippocampus towards the lat-
eral ventricle. In the hippocampus, ROI definition was
based on manual drawing following the region shape. In
the parietal and entorhinal cortices, it relied on circles of
constant diameter. For the alveus, ROIs were ribbons of
88 pum wide centered on the alveus (one per section, all
labelled sections per mouse, selection brush tool from
Image]). Four to seven sections were used for each ani-
mal depending on the number of available sections. Sci-
entists who performed the analyses were blinded to the
inoculation groups. Evaluations from Congo-red stained
sections used similar methods (but with a threshold of
90), based on the green component of the 8-bit images.
As lesions were more discrete, ribbons used for alveus
ROIs were 35 um wide. Labelling from structure with a
diameter inferior to 7 um were excluded from the quanti-
fication to avoid measures of background signal.

Quantification of Ap by immunoassays

Hippocampal extracts from both mouse strains were
homogenized in Dulbecco’s PBS (10% m/m) and soni-
cated 6 times (cycle 0.5, 30% amplitude). They were
incubated with a lysis buffer at a final concentration of
50 mM Tris HCI pH7.4, 150 mM NacCl, 1% Triton X-100
supplemented with protease and phosphatase inhibitor
cocktails, and sonicated again as previously described.
Samples were centrifugated at 20,000 g for 20 min at
+4 °C, the supernatant was collected as the soluble frac-
tion and stored at — 80 °C until use. AP was measured by
an electrochemiluminescence (ECL)-linked immunoas-
say (Meso Scale Discovery, MSD). The MSD V-PLEX
AP peptide panel 1 (6E10) kit was used according to the
manufacturer’s instructions. Briefly, samples were diluted
10-fold or 25-fold in the provided dilution buffer, respec-
tively for soluble and insoluble fractions. Meanwhile,
96-well plates pre-coated with capture antibodies against
APx-40 and APx-42 were blocked for 1 h and washed
three times according to the manufacturer instructions,
at room temperature. The SULFO-TAG anti-A 6E10
detection antibody solution was then added to the wells
and co-incubated with the diluted samples or calibrators
at room temperature with shaking for 2 h. After wash-
ing, MSD Read Buffer T was added to the wells and the
plate was read immediately on a MSD Sector Imager
2400. Data were analyzed using the MSD DISCOVERY
WORKBENCH software 4.0. Internal samples were used
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for quality control of the assay performance and inter-
plate variability. All samples and calibrators were run in
duplicates.

Statistics

Statistical analysis was performed using GraphPad
Prism software, version 8, using a Mann-Whitney test
(one-tailed). Data are shown on scattered dot plots with
median and interquartile range.

Results

Human Alzheimer’s disease brain extracts induce a slight
amyloid pathology in huAPP, mice

We bilaterally inoculated brain extracts from clinically
and pathologically confirmed AD patients into the hip-
pocampus of huAPP , mice. A brain extract from a non-
AD patient was used as control. In a previous study, we
demonstrated that, 4 months after inoculation, APP,,/
PS14ge mice inoculated with the same AD brain extracts
display increased amyloid plaque deposition and higher
level of biochemically detectable A} as compared to mice
inoculated with a CTRL human brain extract [5].

Using 4G8 biotinylated antibodies or Congo red, we
did not detect any AP or amyloid deposits in the cortex
or hippocampus of the huAPP,, mice whether they were
inoculated with human AD- or CTRL-brains. A clear
labelling for AP was however detected in 4G8-stained
sections in the region surrounding the alveus of almost
all the mice inoculated with the AD brains (Fig. 2a—c).
It consisted of diffuse extracellular deposits that did not
adopt the morphology of plaques and were not present
around blood vessels (Fig. 2c). This labelling was not
detectable in the CTRL-inoculated mice (Fig. 2e-f).
Congo-red stained sections did not reveal any amyloid
deposits in AD- or CTRL-inoculated mice (Fig. 2g-h).
Quantification of 4G8 sections confirmed the signifi-
cantly higher AB load in AD-inoculated mice as com-
pared to CTRL-inoculated mice (Fig. 2d, U=9; p=0.001)
and only 2/12 AD-inoculated mice did not display obvi-
ous AP load. Biochemical analysis of huAPP,,, mouse
hippocampus extracts demonstrated similar amounts
of soluble AB, ,, (U=26; p=0.11) or AP, ,, (U=32.50;
p=0.26) in both AD and CTRL groups (data not shown).

Induction of amyloid pathology in APP,,,./PS1 4 mice
after inoculation of brain samples from huAPP, mice
primarily inoculated with AD brains

Hippocampal homogenates from AD-huAPP,,, or CTRL-
huAPP,, mice were stereotaxically injected in the hip-
pocampus of APP_ /PS1 ;y mice (AD-APP,, /PS1 g, or
CTRL-APP, /PS1,:,). Nine months post-inoculation,
as expected, 4G8-positive AP plaques were detected in
the hippocampus and cortex of both AD-APP,./PS1 54

swe
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(Fig. 3a, b) and CTRL-APP,./PS1 44 (Fig. 3¢, d) animals.
A clear labelling for A, in the form of plaques, was also
detected in the region surrounding the alveus of almost
all the AD-APP,,./PS1 49 mice, and to a lower extent of
CTRL-APP,, /PS1:y mice. The morphology of the AB
deposits observed in the alveus differed in the APP,./
PS14z9 compared to that seen in the huAPP,, mice. In
the APP,,./PS1 4o AP formed plaques while it was more
diffuse in AD-huAPP,,, mice (Fig. 2a, b). However, as for
AD-huAPP,, mice, AR was not deposited within blood
vessels of the APP, /PS14zo mice (Fig. 3h). Quantifica-
tion of 4G8-stained histological sections revealed an
increased AP load (Fig. 3e, Mann-Whitney test, U=1,
p=0.004) and an increase in the number of AP plaques
per surface unit (Fig. 3f, Mann-Whitney test, U=3,
p=0.015) in the regions surrounding the alveus of the
AD-APP, /PS14zy mice as compared to CTRL-APP, ./
PS14ze mice. These plaques were not different in size
(U=10, p=0.2). There was not a statistically significant
difference in AP load in the hippocampus (Fig. 3g, U=11,
p=0.3), parietal cortex (not shown, U=14, p=0.5) or
entorhinal cortex (not shown, U=13, p=0.4) of these
two groups. The number of AP plaques per surface unit
was also not different between these two groups in these
regions (not shown, U> 10, p>0.2). Staining with Congo
red detected amyloid plaques in the hippocampus and
cortex of AD-APP_ /PS1 4o animals (Fig. 3i) or CTRL-
APP, /PS14:y animals (Fig. 3j). Some amyloid plaques
were also detected in the region surrounding the alveus
of almost all the mice. Whatever the regions, congophilic
plaques were however less numerous and visible than
4G8-labelled plaques. Unlike for 4G8 staining, quantifi-
cation of Congo red stained sections did not show differ-
ences between the two groups of APP_ /PS1 4y animals
either in regions surrounding the alveus (U=10, p=0.2)
or in other regions as the hippocampus (U=9, p=0.2) or
parietal cortex (U=13, p=0.4). Soluble A, ,, and Ap,.
40 were assayed in the hippocampus of the APP,./PS1 g
animals inoculated with AD- or CTRL-huAPP,,, mouse
brain homogenates. No differences were found between
the two groups of animals (not shown, AB, ,,: U=11,
p=0.3; APy 4 U=12;p=0.3).

Discussion

Human AD-brain extracts were inoculated in the hip-
pocampus of huAPP , mice that express human wild-
type APPP gene. We showed that, 18 months after
inoculation, there was no induction of cortical or hip-
pocampal AP deposits. However, extracts from the
apparently Ap-deposit-free hippocampus of these AD-
inoculated animals induced AB-deposition in APP,./
PS14z9 mice 9 months after inoculation. This suggests
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Alveus amyloid load (%)

Fig. 2 Detection of AR in the huAPP,,, mice inoculated with AD or CTRL brain. Mice inoculated with human brain homogenates were euthanized
18 months after the inoculation. Brain sections were stained with anti-AB (4G8-biotinylated) antibody. Staining was detected in the region
surrounding the alveus of almost all the mice inoculated with the AD brains (a—c, arrows) but not the CTRL-brains (e—f). There was no staining in
the hippocampus or cortex of the inoculated mice. 4G8 staining was not observed in the close vicinity of blood vessels (asterisk) as shown in a
mouse inoculated with AD brain extract (c). Congo red did not stain any deposits in the inoculated mice, as shown in the alveus of an AD- (g) or
CTRL-inoculated animal (h). 4G8-labeling was quantified in the alveus (d). First, regions of interest corresponding to the alveus were defined as
ribbons of 88 um wide centered on the virtual ventricle that borders the alveus of the hippocampus. Amyloid burden in this region was defined,
using a thresholding method, as the percentage of surface occupied by the 4G8-staining inside the regions of interest. This analysis showed
significant difference between CTRL and AD mice (U=9; p=0.001)
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(See figure on next page.)

Fig. 3 Increased AP deposition in the alveus of 11-month-old APP/PS1 ¢ mice inoculated with AD-huAPP,, brain homogenate. APP ./

PS1 4 Mice were inoculated with apparently amyloid deposit-free hippocampus extracts from huAPP,, mice previously inoculated with human
brain homogenates and euthanized 18 months after the inoculation. AR (biotinylated 4G8) stained brain sections from the APP/PS1 g mice
showed plaques in the hippocampus of all mice (a—-d). AR deposition was also seen in regions surrounding the alveus of the mice inoculated with
AD-huAPP,,, brains (a-b, arrows). 4G8 staining did not involve blood vessels (asterisk) as highlighted here in a mouse inoculated with AD-huAPP,,
(h). 4G8-positive load (e) and the number of plaques per surface unit (f) were significantly increased in the region surrounding the alveus of
AD-APP,,o/PS14g mice compared to the CTRL-APP,, o/PST 4o (U=1,p=0.004 **, and U=3, p=0.015 *, respectively). g Amyloid load was not

swe swe!

different in the hippocampus of AD-APPswe/PS1dE9 and CTRL-APPswe/PS1dE9 mice (U= 11, p=0.3). Congo red stained brain sections from the

APP,,o/PS1 4o mice showed amyloid plaques (arrows) in the hippocampus and cortex of mice from AD (i) and CTRL groups (j)

that AP seeds, able to foster AB deposition, were pre-
sent in the hippocampus of huAPP , without being eas-
ily detectable.

Several studies have shown that the inoculation
of human brains containing AP seeds can accelerate
cerebral amyloid plaque occurrence in mouse mod-
els or primates [5, 14]. The ability to induce cerebral
AB-amyloidosis experimentally highly depends on the
hosts and the inoculated samples [14]. Inoculation of
human brains in hosts that overexpress ABPP (i.e. in
specific transgenic mice) leads to an acceleration of A
plaque occurrence. In particular, in a previous study, we
showed that inoculation to APP,./PS14:y mouse mod-
els of amyloidosis of the human AD brain extracts used
in the current study induced AP depositions 4 months
after the inoculation [5]. Studies in primates that have
a natural expression of ABPP (100% homology with the
human gene) showed that sparse AB deposits can also
be induced following inoculation of AP seeds [5]. A
previous study in huAPP,,, mice that express the human
wild-type APPP gene, which never develop AP plaques
spontaneously, showed sparse A deposition in the cor-
tex and hippocampus in 40% of the animals 9 months
post inoculation, in 65% of the animals 15 months post
inoculation and in 100% of the animals 19 months post
inoculation [15]. In our hands, small diffuse Ap depos-
its were detected in the region surrounding the alveus,
but Congophilic amyloid plaques were not detected.
The lower detection of AP deposits in our study as
compared to the previous study [15] might be related
to a different preparation of the human samples, and
potentially different sonication procedures.

We wondered why AP accumulation occurred in
regions surrounding the alveus. Several articles reported
AP deposition in this region after intrahippocampal
inoculation of human AD-brain homogenates [2, 5, 11,
14, 21], amyloid-positive mouse brains [7, 14, 20, 22] or
synthetic AP species [19, 20]. The presence of abnor-
mal protein deposits in this region was also reported
after inoculation of prion homogenates in the thalamus/
brain midline with a needle that crossed the parietal cor-
tex, the lateral ventricle and the hippocampus [6]. It was

suggested that the orientated disposition of white matter
fibers in this area might provide an efficient path for the
diffusion from the inoculation sites towards the lateral
ventricles to clear pathological proteins [13].

One of the critical questions to prevent iatrogenic
transmission of amyloid concerns the propensity of the
donor to induce AB-deposits or amyloidosis. Studies in
transgenic mouse models of AB-amyloidosis proved that
amyloid plaque-positive brains from non-demented
subjects are able to induce cerebral Af-amyloidosis
[2] while amyloid plaque-negative human brain sam-
ples were not able to induce AB-amyloid pathology [2].
Here, we show that homogenates from hippocampi free
of AP plaques can induce AP deposition when injected
into APP, . /PSl4zy mice. We hypothesize that the
huAPP,, hippocampi from mice previously inoculated
with AD brain extracts probably contained very low
amount of AP seeds. Indeed, even if AB-deposits were
not detected in the hippocampus, they were detected in
the alveus that juxtaposes the hippocampus.This small
amount of AP did not lead to AP plaque occurrence or
stronger AP detection by biochemical analysis of AB; 4,
or AP, 4, in the hippocampi of huAPP,,, animals. How-
ever, these samples could induce an increase Ap depo-
sition in regions surrounding the alveus, 9 months post
inoculation after their inoculation in the hippocampus
of APP,./PS14e mice. Evidence for AR deposition was
provided by the increase in AP burden as well as the
increase in the number of Ap-plaques. This clearly out-
lines that brains with minimal amount of A are able
to induce A deposition. Furthermore, a recent study
showed long-term resilience (180 days) of transmissi-
ble but barely detectable AP seeds in ABPP null mice
previously inoculated with the brain of mouse models
of amyloidosis [23]. The study was based on inocula-
tion of AB-containing brain extracts issued from very
old transgenic mice with high amyloid load in ABPP
null mice that cannot produce A proteins. These mice
were analyzed up to 6 months after inoculation and
only slight AB accumulation (pg/ml range) could be
detected by ultra-sensitive techniques in their brains.
When these brains were intracerebrally inoculated
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in 3-month-old APP23 mice (harboring the APP,,
(APP KM670/671NL) transgene), they accelerated
ApB-deposition as early as 4 months after their inocu-
lation, thus suggesting the long resilience—at least, up
to 6 months— of the contaminating forms of A [23].
This means that exogenous AP seeds from transgenic
mice can remain in the brain at levels below routine
detection, retain their pathogenicity in ABPP null mice,
i.e. in the absence of replication, and therefore have
extreme longevity. Unlike this latter study, our experi-
ment was based on the inoculation of human (and not
mouse) brain extracts. We speculate that the pathol-
ogy developed in the APP,./PS1 4y mice may reflect
a dual process based on the resilience of initial seeds
and/or on the nucleation of the AP from the huAPP,,
mice. Congophilic plaques were however not modu-
lated by the inoculation of AD-huAPPwt brain extracts.
In any case, this study shows that very small amounts
of AP seeds presumably issued from the human brain
samples are able to induce an AP pathology. Nonethe-
less, the limitations of some ELISA Kkits to detect very
low amounts of AP peptide are pointed out by some
authors. We cannot rule out that Ap would have been
detected with more sensitive tools as Simoa technology.
Unfortunately, we did not have any sample left to test
this hypothesis. Based on our data, it is reasonable to
suggest that soluble forms of AP can act as seeds that
are able to induce A[ aggregation in recipient hosts.
This is consistent with previous data showing that
supernatant from full brain extracts have a strong abil-
ity to induce AP aggregation while containing only low
level (0.05%) of the brain A pool [12].

Aside from sporadic and genetic forms of AD, iat-
rogenic transmissions are “new” ways to transmit an
AD-related amyloid pathology. These iatrogenic trans-
missions can be based on surgical procedures and/or
inoculation of cadaver brain extracted hormones. Eluci-
dating the risk factors is critical to organize prevention
procedures. Here, we outline that even small amounts
or undetectable AP seeds can induce AP deposits in a
recipient host. Previous studies have recommended
the systematic use of prion diseases preventive meas-
ures in neurosurgery and the exclusion of patients with
AD from donor programs. Since, as suggested by our
results, AP deposit-negative samples can also induce
Ap pathology, it may be useful to also recommend pru-
dence with samples from donors who could present
unsuspected A deposits.
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ANNEXIII - ABSTRACT

La maladie d’Alzheimer (MA) se caractérise par I'agrégation intracérébrale de protéines -
amyloide (AB) et tau mal conformées, ainsi que par des processus neuroinflammatoires et
neurodégénératifs menant a des troubles cognitifs. Des études observationnelles réalisées
chez 'Homme suggerent que les pathologies AB et tau sont transmissibles de maniére
similaire aux maladies a prions, notamment a la suite d’une exposition iatrogéne a des
composants ou des outils chirurgicaux contaminés par des agrégats d’ApB et de tau (Duyckaerts
et al., 2018; Jaunmuktane et al., 2021, 2015b). Expérimentalement, la démonstration d’une
telle transmission a largement été mise en évidence chez des modeéles rongeurs transgéniques
surexprimant des génes humains mutés, et apres inoculation de protéines pathologiques
d’origine synthétique ou dérivées d’échantillons cérébraux (Clavaguera et al., 2013; Iba et al.,
2013; Meyer-Luehmann et al., 2006; Stohr et al., 2012). Ces modeles représentent des outils
intéressants pour mieux comprendre la physiopathologie de la MA et caractériser les
mécanismes impliqués dans le développement et la progression des lésions de la MA.
Cependant, les impacts fonctionnels et neuronaux associés a la transmission des pathologies

AP et tau, ainsi que les relations entre ces marqueurs de la MA demeurent mal connus.

Le premier objectif de cette thése a été d’étudier les relations entre les |ésions de la MA dans
un modeéle murin bien caractérisé, produisant des niveaux élevés d’AB et exprimant des
niveaux physiologiques de la protéine tau murine endogene. Nous avons montré que
I'inoculation intracérébrale d’extraits de cerveaux issus de patients atteints de la MA induit
des pathologies AP et tau dans ce modeéle. L'inoculation d’extraits cérébraux issus de patients
avec différentes formes sporadiques de la MA entraine différents niveaux d’altérations
cognitives associées a des pertes synaptiques. Ces atteintes synaptiques étaient corrélées
avec la sévérité de la pathologie tau et avec une réduction de I'activité microgliale, soulignant
ainsi leur contribution dans les processus neurodégénératifs associés a la MA et mettant en

avant 'origine multifactorielle des déficits cognitifs.

A ce jour, de nombreuses questions subsistent concernant I'impact d’une transmission
iatrogene des pathologies AB et tau chez 'Homme. Le deuxieme objectif de cette these a ainsi
été d’évaluer les conséquences fonctionnelles, morphologiques et histopathologiques de

I'inoculation d’extraits de cerveaux issus de patients atteints de la MA chez le primate
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microcebe (Microcebus murinus). Nous avons montré que cela induit une encéphalopathie
caractérisée par des altérations cognitives, une atrophie cérébrale associée a une perte de
neurones et des altérations de I’activité neuronale, en I'absence de pathologies AB et tau
marquées. Cette étude est la premiére a mettre en évidence des dysfonctions neuronales et

cognitives suite a I'inoculation d’extraits de cerveaux MA chez un primate.

Le diagnostic de la MA repose sur la présence d’Ap et tau s’agrégeant et se propageant de
maniere stéréotypée dans le cerveau. Ainsi, le troisieme objectif de cette these a été d’évaluer
chez le microcébe I'impact lésionnel suite a I'inoculation d’extraits de cerveaux MA selon une
nouvelle procédure visant a améliorer les potentiels de nucléation et de propagation des
agrégats d’AB et tau présents dans les échantillons. Cela a permis d’induire I'apparition
systématique de dépots AP et tau a proximité du site d’injection, ainsi que leur propagation
vers des régions interconnectées plus distantes. De plus, une altération progressive des
performances cognitives et une atrophie cérébrale ont été rapportées. Ces résultats ont été
répliqués avec deux types d’extraits de cerveaux MA. Cette étude est la premiére a mettre en
évidence chez un primate la transmission de signes cliniques de la MA, tels que des troubles
cognitifs et une atrophie du cerveau, ainsi que des Iésions AP et tau caractéristiques de la
maladie. Ce travail renforce ainsi I’hypothése d’une possible transmission des pathologies AB
et tau chez 'Homme et suggere qu’une telle transmission peut également étre associée a des
atteintes morphologiques et cognitives. Ces données appellent de ce fait au renforcement des
mesures de décontamination préventives et a la surveillance des patients soumis a un risque
de transmission iatrogene des pathologies AB et tau. Enfin, nos données suggérent que le
microcebe inoculé avec des extraits de cerveau MA est un modele pertinent pour explorer la
physiopathologie de la MA et pourrait permettre une meilleure translation des études de la

préclinique vers la clinique.
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Résumé : La maladie d'Alzheimer (MA) se caractérise par
I'agrégation cérébrale de protéines B-amyloide (AB) et
tau mal conformées, ainsi que par des processus
neuroinflammatoires et neurodégénératifs menant a des
troubles cognitifs. Des études chez 'Homme et des
modeles animaux suggerent que les pathologies AB et
tau sont transmissibles de maniére similaire aux prions.
L'impact neuronal et cognitif de cette transmission et les
relations entre les marqueurs de la MA sont mal connus.
Ce travail étudie la transmission de la pathologie
Alzheimer dans des modeéles murins et primates aprées
inoculation cérébrale d'extraits cérébraux de patients MA.
Premiérement, nous avons montré que l'inoculation de
cerveau Alzheimer dans un modele murin d’amyloidose
entraine des pathologies AP et tau, une microgliose et
dans certains cas, des atteintes synaptiques et cognitives.
La perte synaptique et les troubles cognitifs étaient
associés a la pathologie tau, a une réduction de I'activité
microgliale et, de maniére plus modérée, aux lésions Ap.

Titre : Transmission de la pathologie Alzheimer a des modeéles murins et primates : des protéinopathies aux atteintes

Mots clés : maladie d'Alzheimer, transmission expérimentale, modeéles animaux, primate, f-amyloide, tau

Ensuite, nous avons montré pour la premiére fois chez un
primate que l'inoculation de cerveau Alzheimer entraine
des dépdts AR et tau chez le microcébe (Microcebus
murinus), ainsi que des troubles cognitifs et fonctionnels,
une atrophie cérébrale et une perte neuronale.

En conclusion, ces travaux montrent que les pathologies
AP et tau, des pertes synaptiques/neuronales et des
signes cliniques majeurs peuvent étre
expérimentalement transmis a des modeles murins et
primates. Ces modeles offrent de nouvelles opportunités
pour caractériser la MA et explorer de nouveaux
biomarqueurs et thérapies. De plus, nos données
expérimentales soulignent I'impact potentiel d'une
transmission des pathologies AP et tau en matiére de
troubles cognitifs et d'atrophie cérébrale. L'évaluation
systématique des biomarqueurs de la MA reflétant ces
aspects de la pathologie chez des patients a risque de
développer des lésions AP et tau d'origine iatrogéne
devient ainsi indispensable.

cognitive impairments

Abstract: Alzheimer's disease (AD) is characterized by the
cerebral aggregation of misfolded B-amyloid (AB) and
tau proteins, along with neuroinflammatory and
neurodegenerative processes leading to cognitive
deficits. Evidence in humans and animal models indicates
that AP and tau pathologies can be transmitted, in a
manner akin to prion diseases. However, the neuronal
and cognitive impacts of such transmission and the
relationships between AD pathological hallmarks are still
unclear. The current work evaluated the transmission of
AD pathology in murine and primate models after the
intracerebral inoculation of human AD brain extracts.

First, we demonstrated that AD brain extract inoculation
into an AP plaque-bearing mouse model induces AP
pathology,  Alzheimer-like  tau-positive lesions,
microgliosis and, in some animals, synaptic loss and
cognitive deficits. Synaptic and cognitive impairments
were associated with tau pathology, microglial activity

Title: Transmission of Alzheimer pathology in murine and primate models: from proteinopathies to neuronal and

Keywords: Alzheimer's disease, experimental transmission, animal models, primate, 3-amyloid, tau

reduction and to a lesser extent with AP deposition.
Then, we showed for the first time in a primate that AD
brain inoculation induces widespread AP and tau
pathologies in mouse lemurs (Microcebus murinus). It
also leads to cognitive and functional impairments,
cerebral atrophy and neuronal loss.

In conclusion, our data show that both AP and tau
pathologies can be experimentally transmitted in murine
models and in primates, along with synaptic/neuronal
loss and significant clinical signs. These models offer new
opportunities to characterize AD pathophysiology and
explore new biomarkers and therapeutics. Additionally,
our experimental data outline the possible impacts of A
and tau transmissions in terms of cognitive impairments
and cerebral atrophy. A systematic monitoring of AD
biomarkers evaluating these aspects of the pathology in
patients at risk of AR and tau iatrogenic transmission is
thus urgently needed.
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