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Abstract

CHRFAM?7A is a human-specific gene that encodes the nicotinic acetylcholine receptor (nAChR)
subunit dupa7. This gene originated after a fusion between a partial duplication of the CHRNA7 a7-nAChR
gene and ULK4 200.000 years ago. The ancestral CHRNA7 gene has been linked to several neurological
disorders such as Alzheimer's disease (AD). In particular, a7-nAChR can directly bind to the Amyloid B
peptide (AP), one of the primary molecular hallmarks of the disease, and facilitate its intracellular toxic
accumulation. Although extensive research has been carried out to dissect the role of a7-nAChR in AD, no
clinical trials have been successful. This translational gap could be attributed to the lack of dupa7 subunit
in classical pre-clinical models. Importantly, dupa7 can incorporate into pentamers of a7-nAChRs and
negatively regulate its function by reducing its number of ligand binding domains and retaining the receptor
in the endoplasmic reticulum (ER). In the context of AD, dupa7 reduces AB uptake when expressed in

neuronal cultures and is associated to the activation of AB-induced pro-inflammatory responses.

In the first part of the thesis, the role of the human subunit in mediating AB-induced toxicity in

human induced pluripotent stem cells (hiPSC)-derived interneurons was studied in-vitro.

In-vivo, interneurons can be xenografted and studied at longer time-periods when compared to in-
vitro cultures. In this direction, a technique to transplant human neurons into the mouse brain at embryonic
stages was developed. Human neuronal progenitors transplanted in-utero were shown to populate and
integrate different brain areas. In this model, local environment had a significant effect on neuronal

maturation and spinogenesis, after transplantation.

The implications of the findings described in this dissertation highlight the importance of
considering the human-specific CHRFAM7A in the complex interplay between AP and a7-nAChR and
paves the way for future development of a7-nAChR-targeted therapies for AD.
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Long résume

La maladie d'Alzheimer (MA) est la principale cause de démence et touchera plus de 139 millions
de personnes dans le monde a 1’horizon 2050. Depuis plus d'un siécle, d'intenses recherches ont été
entreprises pour ¢lucider la cause de cette maladie et trouver des médicaments efficaces. Bien que des
études précliniques aient permis d'identifier certains des mécanismes importants impliqués dans la MA,
aucune d’entre elles n’a pu conduire au développement de traitements cliniques efficaces, ce qui constitue
une lacune sur le plan translationnel. L'une des explications possibles pourrait étre 1'absence du géne
CHRFAMT7A dans les modé¢les de recherche utilisés jusqu'a présent. CHRFAM7A est un géne spécifique
a 'homme codant pour la sous-unité¢ dupa7 du récepteur nicotinique a I'acétylcholine (nAChR). Ce géne
résulte de la fusion ancestrale apparue il y a 200 000 ans entre d’une part la duplication partielle du géne
CHRNA7 et d’autre part le géne ULK4 codant pour une protéine kinase. Situé dans une région du génome
trés instable, CHRFAMT7A peut se présenter sous forme d’un nombre de copies différent au sein de la

population générale. Un variant caractérisé par une délétion de 2 pb a également été identifié (variant 2pb).

Dupa7 peut s'assembler avec les sous-unités a7, codées par le géne ancestral CHRNA7, pour
former des récepteurs qui demeurent fonctionnels. L'incorporation de dupa7 dans les pentaméres o7-
nAChRs peut réguler cependant négativement la fonction des a7-nAChRs en réduisant le nombre de sites
de liaison aux ligands et en retenant le récepteur dans le réticulum endoplasmique (RE). Le géne ancestral
CHRNA7 a ét¢ associé a plusieurs troubles neurodégénératifs tels que la MA. En particulier, le récepteur
a7-nAChR peut lier directement le peptide p amyloide (AB). L’accumulation intracellulaire de AP conduit
a terme a la formation des plaques amyloides représentant I'une des principales caractéristiques de cette
maladie. Des recherches approfondies ont été menées pour disséquer le role du a7-nAChR dans la MA, et
de nombreuses molécules modulatrices de 1’activité de ce récepteur ont ét¢ développées avec I’objectif de
restaurer la fonction du a7-nAChR chez les patients atteints de la MA. Cependant, aucune étude préclinique
réalisée a partir de modeles cellulaires humains n'a permis la découverte de médicaments actifs en clinique.
Selon les travaux d’autres équipes, nous émettons I'hypothése selon laquelle la sous-unité nicotinique dupa?
pourrait jouer un réle important dans la MA, expliquant alors le déficit translationnel observé entre les
modeles précliniques classiques non porteurs de la sous-unité et la population générale. Il est intéressant de
noter que les études GWAS ont pu établir un lien entre le nombre de copies du gene CHRFAMT7A et la
pathologie de la MA. Les données cliniques indiquent que seulement 25 % de la population composée de
personnes non porteuses de CHRFAM7A -simulant ainsi la situation des divers mod¢les précliniques- ou
porteuses de la variante 2bp, pourraient bénéficier de médicaments ciblant le systéme cholinergique. Sur
des mod¢les de neurones en culture, il a été montré que la présence de dupa7 réduit la capture de Ap et est
associée a l'activation de réponses pro-inflammatoires induites par ce peptide AP. Bien que ces données
pionnieres suggérent un réle protecteur de dupa7 contre la toxicité induite par AB, les mécanismes par
lesquels la sous-unité dupa7 interfére sur I’interaction de AP avec la sous-unité a7-nAChR sont encore

inconnus.



L'objectif de cette thése a été de développer un modele in-vivo pour étudier le gégne CHRFAM7A
et son interaction avec les a7-nAChR et A, sous forme d’oligoméres. Deux axes principaux ont été définis
pour atteindre cet objectif. Le premier axe a consisté en une étude comparative in-vitro de l'interaction AB
a partir d’interneurones (hINs) dérivés de cellules souches pluripotentes induites humaines (hiPSCs),
exprimant ou non la sous-unité dupa7 humaine. Les hINs sont un modele pertinent pour I’étude des
nAChRs, puisque ces récepteurs sont significativement exprimés dans les neurones inhibiteurs. Le
deuxiéme axe de la thése a été orienté vers la xénotransplantation des progéniteurs neuraux humains dans
le cerveau de la souris pour une étude in-vivo a plus long terme.







Bien qu'elle réponde a plusieurs questions proposées, notre étude in-vitro présente certaines limites.
En particulier, 1'absence d'un environnement physiologique, le contact avec d'autres types cellulaires
retrouvés dans le cerveau et aussi I’absence d’une modélisation plus intégrée de la MA, permettant de mieux
appréhender les effets néfastes de AP, lorsque sa concentration n’est plus controlée localement dans le
cerveau. En outre, les expériences in-vitro sont limitées dans le temps car les cellules ne peuvent étre
maintenues pendant des périodes prolongées. Pour surmonter ces limites et approfondir I'é¢tude dans un
contexte se rapprochant des conditions physiologiques, les neurones humains peuvent étre transplantés dans
le cerveau chez la souris. Les deux approches les plus courantes sont d’une part la xénogreffe chez I'animal
adulte, ce qui implique des injections stéréotaxiques pour cibler une région particulieére du cerveau. D’autre
part, diverses études de xénogreffe ont été réalisées chez I’animal nouveau-né, avec une injection manuelle
des cellules dés la naissance selon des reperes visuels sur le crane. Cette derniere approche permet de suivre
au cours du temps la migration des cellules greffées dans le cerveau hote et d’établir une cartographie
précise des projections neuronales. Cependant, les deux techniques nécessitent l'utilisation de souris
immunodéprimées afin d’éviter le rejet du greffon, ce qui pourrait étre considéré comme un inconvénient
car les souris immunodéprimées sont délicates et plus fragiles pour les expériences a long terme. En outre,

les modeles classiques de souris atteintes de la maladie d'Alzheimer ne sont pas immunodéprimés.

Pour relever ce défi, un protocole a été mis au point visant a transplanter des cellules souches
humaines dans un environnement immunocompétent. Des études antérieures ont montré la possibilité de
greffer des cellules embryonnaires d’origine humaine ou non, a des stades embryonnaires précoces du
développement de I'héte. Du fait de I'état immature du systéme immunitaire au stade embryonnaire, les
cellules humaines ont pu étre tolérées et se sont intégrées dans le cerveau hote jusqu'a un mois apres la
transplantation (1MPT).

Dans nos expériences, des progéniteurs neuronaux humains (hNPCs) ont été transplantés in-utero
dans deux zones cérébrales différentes, les ventricules latéraux (LV) et le cortex préfrontal (PFC), ce qui a
permis leur bonne intégration dans différentes régions cérébrales. Dans un premier temps, la migration, la
distribution et les projections des cellules humaines dans le cerveau de la souris apres la transplantation
dans le VL ont été étudiées. Des distributions similaires des cellules et de leurs prolongements ont été
observées entre plusieurs expériences indépendantes. Les cellules ont montré une migration accrue vers
des structures plus éloignées du site d'injection jusqu’a 3 MPT. Les hNPCs ont été détectées dans des
structures telles que le cortex ou I'hippocampe a 1 et 3 MPT, la majorité des projections se trouvant dans
des fibres neuronales telles que le corps calleux et la fimbria.

Nous avons émis I'hypothése selon laquelle la maturation des cellules humaines greffées pouvait
étre sous l’influence de 1’environnement local de la greffe au sein du cerveau hote. Aussi, nous avons
entrepris une analyse comparative de la maturation neuronale apres transplantation des NPC dans le LV vs.

le PFC. Il est intéressant de noter que les cellules transplantées dans le PFC présentent un état global de



maturation plus élevé, comme en atteste leur réactivité aux marqueurs post-mitotiques NeuN et vGlut. Nous
avons étudié la morphologie des épines dendritiques et celle des dendrites comme index de maturation. Les
épines dendritiques présentent une grande diversité, et peuvent étre schématiquement classées en 4
catégories principales. Les filopodes se distinguent par I’absence de téte et représentent le stade le plus
labile et le moins mature tandis que les « champignons » sont un stade de maturation permettant une zone
de contact synaptique la plus élaborée par rapport aux autres catégories d’épines. Nos résultats montrent
une forte proportion de filopodes au stade 1 MPT, proportion encore plus élevée dans les greffons dans le
LV par rapport a ceux du PFC. A 3 MPT, les proportions d'épines plus matures de forme « champignon »
et de forme « trapue (stubby) » sont augmentées, ceci de fagon différentielle selon la région greffée. Ainsi,
les densités d’épines dendritiques augmentent au cours du temps aprés greffe, avec en particulier une
augmentation significative dans le cas des NPCs transplantées dans le PFC, qui présentent une maturation
plus élevée en particulier au stade 3MPT. La morphologie des dendrites et leur ramification ont été
également analysées. Nous observons des modifications morphologiques significatives illustrant une
maturation dendritique plus élaborée a 3 MPT par rapport a 1 MPT, a la fois dans les greffes LV et PFC, et
ceci de fagon plus accentuée dans les greffes PFC par rapport au LV pour un stade donné.

En résumé, ces résultats ont démontré 1’intégration et la survie des hNPCs dans un environnement
immunocompétent, soulignant également la capacité de ces cellules a migrer et a se projeter dans différentes
structures cérébrales du cerveau hdte murin, jusqu’a 3 MPT. Nous montrons également que les cellules
transplantées dans le PFC présentent un phénotype plus mature que les cellules transplantées dans le LV.
Ces données suggérent fortement que l'environnement local de 1'hote joue un roéle crucial dans le
développement et la maturation des neurones. La mise en place de ce modele représente une avancée

prometteuse pour 1’étude des interneurones humains, dont les capacités de migration sont importantes.

En conclusion et sur la base des résultats acquis, nous apportons quelques nouveaux éclairages sur
sur le géne CHRFAMT7A et son rdle possible dans la MA. Bien que la transplantation des hINs a 'aide de
I’approche de xénotransplantation in-utero n’a pu étre menée a son terme dans le cadre de la préparation de
ma thése de doctorat, les données initiales obtenues s’averent trés encourageantes. A ce stade, il apparait
important de poursuivre les analyses afin de confirmer les hypothéses proposées a la fois in-vitro et in-vivo
a plus long terme. Les résultats décrits dans cette thése peuvent permettent d’ores et déja de montrer la
nécessité de prendre en compte le géne CHRFAMT7A spécifique a I'homme pour mieux comprendre cette
interaction complexe existante entre le peptide AP et le récepteur a7-nAChR. La poursuite de ces études
ouvrira la voie a de futurs développements thérapeutiques ciblant le a7-nAChR pour la MA.

Mots clés : CHRFAM7A4, a7-nAChR, Alzheimer’s disease, peptide f amyloide
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Alzheimer's disease

1.1. Definition

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by distinctive
brain histopathological features that lead to a gradual decline in cognitive functions. Alois Alzheimer first
described AD in 1906 as a type of dementia characterized by brain atrophy and the presence of two hallmark
features: the neurofibrillary tangles (NFT) and plaques '.

Figure 1. Original drawings from tissue sections from the first patient
diagnosed with AD.

| A and b. extracellular insoluble accumulations of amyloid beta (AB) in
the cerebral cortex, also known as plaques. c. intracellular NFTs formed

by aggregated hyperphosphorylated tau .

Through intensive research in the field, we have come to understand that AD is a far more complex
disorder than originally described. Along with the hallmark features of NFT and extracellular plaques, other
pathological mechanisms such as neuroinflammation, neuronal hyperexcitability, cholinergic signaling
dysfunction, and oxidative stress also play a significant role in the disease. However, despite this increased
knowledge, the initial histopathological hallmarks described by Alois Alzheimer remain crucial to AD
diagnosis and continue to guide research aimed at developing better diagnostic tools and more effective

treatments for the disease.

AD can be classified into two forms based on the age at which symptoms appear and the underlying
cause. Familiar AD (fAD), also known as early-onset AD (EOAD), is a less common form accounting for
only 5% of AD cases, and typically affects individuals under 65 years of age with a family history of
dementia. It is an inherited form of the disease caused by mutations in genes that encode the amyloid
precursor protein (APP) and its cleavage enzymes *. Although fAD is rare, studying the specific genetic

mutations that cause this form of the disease has provided valuable insights into the underlying mechanisms
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of AD. Sporadic AD (sAD) or late-onset AD (LOAD), on the other hand, is the more common form and
affects individuals over 65 years of age. It is caused by a complex interplay between normal aging, genetic
and environmental factors. Research has revealed that about 60-80% of the causative factors in LOAD are
heritable, with the most important genetic risk factor being the Apolipoprotein E (ApoE) 4 allele. However,

despite a long list of reported risk factors, the exact cause of sAD remains unknown.

1.2. Epidemiology and economic burden

Alzheimer's Disease is one of the top 10 causes of death worldwide *. In 2019, about 1,62 million people
died from AD and other types of dementia, which included 0,56 million men and 1,06 million women °.
Despite being one of the main causes of mortality in the world, AD has the lowest mortality rate and longer
life expectancy among the different types of dementia after diagnosis. The average life expectancy in the

US is reported to be 4-8 years, and up to 20 years for some individuals, following diagnosis °.

As the baby boomer generation reaches the age group with the greatest risk for AD (older than 65
years), the number of people suffering from this disease increases exponentially every year. In 2019, about
55.2 million people were living with dementia worldwide, and projections that account for population
growth estimate that this number will increase to 139 million by 2050 °. In Europe, the number of people
living with dementia is projected to increase from 14.1 million in 2019 to 25 million by the same time

period .

The most relevant factor in AD and other dementia’s prevalence is age. Therefore, prevalence ranges
from 4.6-5% in the 65-74 age group to 10-13% in people aged 75 to 84 years old, and 31-33% in people
older than 85 years old. However, other factors such as gender, ethnicity and socioeconomic level, play a
role. Firstly, AD is more prevalent in women (Figure 2). This could be attributed to the fact that women
have a higher life span when compared to men. However, when comparing the age-standardized prevalence
rate of dementia, women have higher scores than men, indicating a higher prevalence independent from the
absolute total number of women *. Lower access to education and occupational work in women, who were
born before the year 1950, may play an essential role with respect to such differences. In the future,
additional data from women, who have access to the same levels of education and occupy similar social

and occupational activities, should provide more insights into the prevalence differences.
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Ethnicity has a high impact on the prevalence of the disease as well. According to data from the

US, the African American population would be the most affected group followed by Hispanic American

and the least affected group would be represented by White Americans. Similar to gender, prevalence

differences could be explained by historically-restricted access to education but also by the quality of health

care due to racism and marginalization of Black and Hispanic communities °.

When considering the country’s educational and economic situation together with the fertility rate,

a positive correlation is observed between a high level of social development and a high prevalence of

dementia ®. The latest report from the WHO estimated 1.4 million, 8.8 million, 23.6 million and 21.4 million

people with dementia in low-income, lower-middle-income, upper-middle-income, and high-income

countries, respectively. Specifically middle-income countries are expected to become the fastest-growing

population affected by AD (Figure 3).

——

2019 2030

® High-income countries ® Lower-middle-income countries

Upper-middle-income countries @® Low-income countries

exacerbate the prevalence of AD in this group °.

139 M

2050

Figure 3. Prevalence
predictions according to
income.

Middle-income countries are
experiencing exponential
growth in the aging population.
Although some improvements
have been made in education,
environmental factors such as

air pollution and nutrition may
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AD is and will thus represent one of the most challenging diseases in terms of economic burden. The
estimation of annual costs for a patient with dementia varies according to each country. The highest cost
per person is in North-America (32,276 EUR), closely followed by Europe (28,315 EUR), Western Pacific
(19,901 EUR) and Eastern Mediterranean (12,208 EUR) countries. African and South-East Asian countries
have the lowest costs per person (7,457 and 3,319, respectively)’. In Europe, informal health care represents
about 50% of the global dementia care cost. However, striking differences are observed between Southern
and Northern European countries. While in South Europe, the predominant care for dementia patients is
informal, representing about 71% of all care costs, in Northern European countries informal care represents
only about 27% of the cost. These differences might be attributed to different cultures and family structures
together with accessibility to direct or formal medical care . An urgent need for increasing health care
infrastructures will be essential to ensure the well-being of the aging population in the years to come. By
2050, the global cost of AD is projected to reach about 13 trillion euros °, implying an economic impact

that could reach as high as 10.5% of the G20-GDP".

1.3. Continuum and biomarkers

AD is a long progressive disorder that starts years before the symptoms appear '°. As early as 20 years
before the onset of symptoms, the accumulation of pathological proteins like AB or hyperphosphorylated
tau occur together with other changes in the brain. Biomarkers are currently accessible to monitor the
advancement of the disease and assist in making a diagnosis. In 2016, the National Institute of Aging
released the A/T/N framework aimed to guide the diagnosis of AD in clinical research purely based on
biomarkers ''. According to this framework, biomarkers can be categorized into three groups: A (Ap), T
(phosphorylated-Tau), and N (Neurodegeneration or neuronal injury). Category (A) refers to the detection
of AP in the cerebral spinal fluid (CSF) and in the brain using positron emission tomography (PET).
Similarly, category (T) includes CSF detection of phosphorylated tau (p-tau) and tau-PET brain detection.
Lastly, (N) refers to biomarkers of neurodegeneration including CSF total tau and cerebral hypometabolism,
which can be observed using fluorodeoxyglucose positron emission tomography (FDG-PET) (Examples of

scan images in Figure 4).

1.3.1. Pre-clinical Alzheimer’s Disease

Pre-clinical or asymptomatic AD is the stage of the disease when brain changes detectable with AD
biomarkers are present, but individuals have no clinical symptoms. At this stage of the disease, PET imaging

can detect increased levels of both (A) and (T) in the brain. However, the levels of AP in the CSF are

! G20-GDP: gross domestic product of the member countries of the G20
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decreased, while the levels of phosphorylated-Tau are increased. This may indicate a problem in the brain's
ability to clear AP, leading to its accumulation and subsequent formation of amyloid plaques. Another
important biomarker of AD preclinical stages is cerebral hypometabolism detected with FDG-PET. This

impairment of energy metabolism is believed to cause synaptic dysfunction 2.

1.3.2. Mild cognitive impairment

The first symptoms of AD appear as a mild cognitive impairment (MCI), a phase also called pre-
dementia or prodromal AD. MCI is defined by a cognitive decline with no significant impact on daily life
activities. The symptoms can be caused by AD but also by normal aging or several other pathologies
including dementia with Lewy bodies and vascular cognitive impairment of frontotemporal lobe
degeneration. If caused by AD, MCI eventually develops into dementia.

At this disease stage, besides the (A) and (B) biomarkers described above, effects of neuronal
degeneration and neuronal injury can be observed with volumetric magnetic resonance imaging (MRI). By
detecting changes in texture, volume, and thickness in critical brain structures responsible for cognition,
such as the hippocampus, amygdala, and parietal lobe, this technique can identify individuals with MCI

who have an underlying cause of AD"*!'*,

1.3.3. Dementia

Dementia is a spectrum of diseases affecting memory, other cognitive abilities and behavior, that are
severe enough to interfere with daily living'’. In AD, dementia marks the final stage of pathohistological
progression. At this stage of the disease, a gradual decline in cognitive functions is observed, which is
caused by an evident atrophy of the brain due to extensive neurodegeneration. AD dementia can be further
classified into three stages: mild, moderate, and severe AD, based on the severity of cognitive decline and

functional impairment.

Figure 4. Normal and abnormal PET and MRI
images.

a. Normal (left) and abnormal (right) amyloid
PET. b. Low (above) and high (below) tau PET
superimposed with MRI. c. Early (left) and late
(right) AD in MRI. d. Normal (left) and abnormal
(right) FDG-PET".
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1.4. Diagnostic

In 1984, a workgroup composed by the National Institute of Neurological and Communicative
Disorders and Stroke (NINCDS) and the Related Disorders Association (ADRADA), put together a clinical
criterion for AD diagnosis. The NINCDS-ADRADA guidelines were primarily focused on cognitive
evaluation, while the available biomarker at that time such as cerebral atrophy on computerized tomography
or increased slow-wave activity as measured by electroencephalography, were considered supplementary
and recommended only for improving diagnostics accuracy. '’. Due to the absence of specific biomarkers,

a confirmed diagnosis of AD was only possible postmortem.

The diagnosis of probable AD as described by the NINCDS-ADRADA criteria had a successful
sensitivity of 81% and specificity of 70% '%, for almost 27 years. However, because of the intense research
and accumulated new knowledge, a need emerged to redefine and update the 1984 criterium. In 2007, the
International Working Group (IWG) published a new classification of AD stages considering new
biomarkers, that were not available in 1984 '°, which was later revised in 2014 as the IWG-2 criteria *. In
parallel, the National Institute on Aging and the Alzheimer’s Association (NIA-AA) created a workgroup
to meet the need for updated diagnoses criteria and published three series of guidelines addressing each
stage of AD progression: preclinical AD *', MCI #* and dementia due to AD #. In 2018, an update was
published by NIA-AA including guidelines addressed to clinical research. Even though the current AD
diagnoses are based on the NIA-AA and IGW-2 criteria, alternative guidelines such as the A/T/N

framework are used for research proposes ''.

If we look at the different possible combinations of A/T/N biomarkers, the two currently used
diagnostic classification systems result in similar but not always comparable diagnoses (Table 1). Contrarily
to the older guidelines, both criteria acknowledge a pre-clinical stage of AD and include the use of
biomarkers in the diagnosis pipeline. Nevertheless, routine screening of early biomarkers of AD is not yet
implemented in primary healthcare practices. Improving early diagnosis of AD and standardization of
biomarkers is of essential importance, as the effect of some therapeutic interventions could be optimal only

when given before symptomatology starts.
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A-T-N-

A+T-N-

A+T+N-

A+T+N+

A+T-N+

Biomarker

A-T+N-

A-T-N+

A-T+N+

Asymptomatic or pre-clinical

NIA-AA (2011 & 2018)

Not defined

Stage 1 preclinical AD

Stage 2/3 preclinical AD

Not addressed (2011),
preclinical AD (2018)

Stage 2/3 pre-clinical AD
(2011), and concomitant
non-AD’s pathological
changes (2018)

Not defined (2011), non-
AD's pathologic changes
(2018)

Not defined (2011), non-
AD's pathologic changes
(2018)

Not defined (2011), non-
AD's pathologic changes
(2018)

IWG (2007 & 2014)
Not defined

Asymptomatic at risk of
AD (if A+ established by
amyloid PET)

Asymptomatic at risk of

AD

Asymptomatic at risk of
AD (if A+ established by
amyloid PET)

Asymptomatic at risk of

AD

Not defined*

Not defined*

Not defined*

Cognitive stage

MCI or prodromal AD

NIA-AA (2011 & 2018)

MCT, unlikely due to AD

MCI, core clinical criteria*

MCI, core clinical criteria*

(2011), Prodromal AD (2018)

MCI, core clinical criteria*

(2011), Prodromal AD (2018)

MCI due to AD, high likelihood

(2011), MCI due to AD and

concomitant suspected non-AD’s

pathological changes (2018)

Not defined (2011), MCI with

non-AD's pathological changes

(2018)

Not defined (2011), MCI with

non-AD's pathological changes

(2018)

Not defined (2011), MCI with

non-AD's pathological changes

(2018)

IWG (2007 & 2014)
Not defined

Typical prodromal AD
(If A+ established by
amyloid PET)

Typical prodromal AD

Typical prodromal AD

(If A+ established by

amyloid PET)

Typical prodromal AD

Not defined*

Not defined*

Not defined*

Dementia

NIA-AA (2011 & 2018)

Dementia, unlikely due to AD

Intermediate likelihood probable AD

dementia, based on clinical criteria.

High likelihood probable AD dementia,
based on clinical criteria (2011). AD

dementia (2018)

High likelihood probable AD dementia,
based on clinical criteria (2011). AD

dementia (2018)

High likelihood probable AD

pathophysiology (2011). AD dementia

and concomitant suspected non-AD’s

pathological changes (2018)

Probable AD dementia, based on

clinical criteria (2011). Dementia with

non-AD's pathological changes (2018)

Intermediate likelihood probable AD

dementia, based on clinical criteria.

Dementia with non-AD's pathological

changes (2018)

Intermediate likelihood probable AD

dementia, based on clinical criteria.

Dementia with non-AD's pathological

changes (2018)

IWG (2007 & 2014)
Not defined

Typical AD (If A+
established by amyloid
PET)

Typical AD

Typical AD (if A+

established by amyloid
PET)

Typical AD

Not defined*

Not defined*

Not defined*

Table 1. Table of AD continuum classification according to the NIA-AA and IWG guidelines and in function of the A/T/N framework.
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1.5. Pathophysiology

1.5.1. Plaques and amyloid beta

In 1906, Alois Alzheimer identified amyloid plaques as one of the histopathological hallmarks of AD.
Several lines of evidence discussed in this chapter led scientists to propose AP as the origin of AD
pathogenesis. The amyloid beta hypothesis supports the idea that AP is the trigger of a pathological cascade
that ends up in synaptic dysfunction, inflammation, and neuronal death, ultimately resulting in cognitive
decline and dementia. Even though this linear explanation was supported by initial data, growing
controversial evidence has emerged in recent years, questioning the proposed causative mechanism 2,
Interestingly, while the characteristic amyloid plaques do not correlate with disease progression and do not
necessarily co-localize with dystrophic neurites and dying neurons in the brain, AB oligomers, an
intermediate structure formed during the amyloid aggregation process, do so > 2*. These soluble aggregates
have multiple targets in neuronal and glial cells and have been proposed to be the origin of AB-induced

neuronal toxicity *°.

1.5.1.1. Amyloid precursor protein and its processing

Amyloid beta is a peptide produced by sequential cleavages of the amyloid precursor protein (APP)
and the major component of the amyloid beta plaques. APP is an integral membrane glycoprotein present
in the brain at a high level. It is composed of a large extracellular N-terminal domain, a single
transmembrane region, and a shorter cytoplasmic C-terminal. The physiological function of this protein,
and the peptides resulting from its processing, are still poorly understood. However, some evidence
indicates roles such as cell-to-cell adhesion, synaptic support, synaptic plasticity and cell survival (reviewed

in ).

The amyloid precursor protein is processed by three enzymes named o-secretase, -secretase and y-
secretase that differ in their cleaving site. While a- and B-secretases can cut APP at its extracellular domain,
y-secretase’s cleaving site resides in the transmembrane region. These proteolytic enzymes are formed by
different proteins; a-secretases are composed of the ADAM protein family, the most common [-secretase
in the brain is BACE, and y-secretase is a multiprotein complex with four core components including the
presenilins, nicastrin, and APH-1. It is important to notice that the cleavage of APP occurs not only in the
plasma membrane but also in 1) trans-Golgi network-derived secretory vesicles that transport newly formed

APP and enzymes to the plasma membrane, 2) early endosomes before APP is recycled back to the cell
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surface, 3) lysosomes before APP degradation. While APP in the plasma membrane is mostly cleaved
through a “non-amyloidogenic pathway”, acidic compartments like lysosomes favor the “amyloidogenic

processing” that leads to AP synthesis ' (Figure 5).
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sequence, and the most well-studied due to its high therapeutical potential, is the amyloidogenic pathway.
In this molecular cascade, B-secretase is the first to intervene, cleaving the extracellular side of the full-size
APP. B-secretase-mediated cleavage forms similar products as those obtained with a-secretase; a slightly
smaller extracellular product (APPsP) and a bigger transmembrane fragment (CTFB or C99). The
subsequent cleavage by y-secretase at its transmembrane site originates the notable A peptide, released at

the extracellular domain, and the AICD cytoplasmic product *2.

Under physiological conditions, the dominant pathway of APP cleavage is the non-amyloidogenic
pathway. However, several factors including genetic mutations, aging or others (see in risks factors chapter)
can shift this balance towards the amyloidogenic way. In AD patients, a higher activity of B-secretases and
a reduction in o-secretases activity is detected when compared to aged-matched controls, resulting in an
increase in AP production ****, It is important to note that in normal aging, B-secretase increases as well

and correlates with insoluble levels of AB40 and 42 .
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1.5.1.2. Amyloid beta oligomerization: from monomers to oligomers to plaques

After the cleavage of APP by (-secretase, the resulting CTF[ or C99 fragment is further cleaved by -
secretase. The cleavage can be done in various sites and lead to different AP lengths including 1-37, -38, -
39, -40, -42 and -43. In addition, a further fragmentation by a.-secretases can result in shorter peptides like
APi-14, AB1-1s, APi-16. Nevertheless, the most common products in the brain are AB1.40 and ABi-42. APi-40 is
the most abundant isoform produced at about 10-fold higher levels than ABi.4,. The longer isoform is,
however, the most prone to self-assembly and the main responsible for the formation of toxic A} aggregates
and plaques. Under both normal aging and AD pathological conditions, Ai-42/AP1.40 ratio is increased and,

consequently, progressive deposition of amyloid can be observed in the brain *.

AP peptides possess very low secondary or tertiary structure stability, and they go through complex
conformational changes leading to oligomerization and fibrillation. Consequently, the characterization of
the AP aggregation process has been experimentally challenging to resolve. In addition, this process is
highly dependent on environmental factors such as pH, metal ions or temperature »°. Nevertheless, scientists
now agree on an overall process of aggregation involving a lag phase, followed by an elongation

exponential phase, and reaching a steady or plateau of fibril formation.
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Figure 6. AP oligomerization.

The lag phase of AP oligomerization starts with monomers interacting with one another and forming small
aggregates, a process called primary nucleation. These small aggregates or low-mass oligomers continue to
develop with the addition of new monomers. A oligomers (APo) are soluble aggregates of different sizes,

with structural conformation ranging from a-helix to coiled-coil or B-sheet 7. Some oligomers are stable
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(off-pathway intermediates) and others continue to form larger and higher-ordered fibrillar structures during
the exponential phase **. Fibrils are insoluble aggregates composed of a characteristic cross-p structure that
can be detected with Thioflavin T *. Another aggregation pathway can occur when fibrils directly interact
with monomer budling nuclei by recruiting them at the fibril end, a process known as secondary nucleation

40 done with biorender.

Fibrils that can auto-catalyze their own growth and pass these “growth instructions” to daughter fibrils
after breakage, will prevail and outnumber all other types of aggregates. This capacity of Ap fibrils to
induce a change in conformation with self-perpetuating and self-propagating capacities is also known as
prion-like property, and it is at the base of the AB prion hypothesis of AD *'. AB fibrils can then further
assemble in extracellular deposits called amyloid beta plaques. Plaques are one of the first AD hallmarks
to be discovered, as they display birefringence characteristics, which are easily detected with Congo Red
staining **. Diffused and small plaques are believed to develop into bigger aggregates with a core-space-

corona organization, which contains neurites and reactive glial cells.

1.5.1.3. AP oligomer toxicity at early pathological stages

APo are capable of triggering AD pathological consequences, as evidenced both through in vivo
behavioral experiments and in vitro studies. Prior to the formation of plaques in the brain, ABo can initiate
several AD-related cascades including Tau phosphorylation, disrupted axonal transport, synaptic loss,
oxidative stress, neuroinflammation, impairment of the cholinergic system and neuronal death (reviewed
in **). In addition, Ao have been shown to be sufficient to initiate AD-like behavioral phenotypes. In
animals models, cognitive impairments can be detected prior to plaque formation, or even in its absence
445 An injection of APo in the cerebral ventricular system alone, induces memory deficits in wild-type
mice *°. Complementary, administration of APo targeted antibodies, that reduce AP load in the brain, can

diminish memory impairment in AD transgenic mouse models .

At the cellular level, the high toxicity of ABo can be explained, at least in part, by its ability to interact
with neuronal membranes. A oligomers can exist freely in the extracellular space or remain attached to
the cell membrane and lipid rafts that favor their pathological aggregation. Afo can also integrate the
plasma membrane and form pores that disrupt neuronal ionic homeostasis. In addition, APo can directly
bind to a wide variety of surface receptors, leading to receptor-mediated endocytosis and activation of
harmful signaling pathways. For instance, the direct binding of AP to NMDA receptors and a7 nicotine

acetylcholine receptor (a7-nAChR) can disrupt calcium homeostasis and induce neuronal hyperactivity at
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early-stages of the disease - the interaction of AP and a7-nAChR and the resulting toxicity is further
discussed in Chapter 2.6 -. Abnormal levels of intracellular calcium can lead to mitochondrial dysfunction
and induce the production of free radicals (see Chapter 1.4.1.4). In addition, changes in neuronal activity
can promote the formation of long-term depression at the synaptic level, an essential mechanism for
memory formation. APo can also bind prion protein receptors with high affinity and signal the activation
of intracellular Fyn kinase through mGluRS5 receptors. Fyn kinase can in turn induce disruption of synapses
through hyperphosphorylation of tau. Importantly, through its interaction with a7-nAChR, Ao can block

physiologic anti-inflammatory signaling and promote neuroinflammation (see Chapter 2.6.1).

1.5.2. Neurofibrillary tangles (NFT) and Tau

The second-best-known hallmark of AD is the intracellular neurofibrillary tangles formed by an
accumulation of hyperphosphorylated tau. These brain lesions are not only observed in AD but also in other
pathologies known as tauopathies. Tau is a microtubule-associated protein present in different isoforms
product of the alternative splicing from the gene MAPT. There are 6 possible isoforms of tau combining
the presence of 0, 1 or 2 N-terminal repeats (ON, 1IN or 2N) and 3 or 4 microtubule binding sites at C-
terminus (3R or 4R). In physiological conditions, 3R and 4R tau isoforms are in a 1:1 ratio balance.

However, in AD, 4R expression is increased, specifically in neurons suffering from Tau-induced toxicity.

Similarly to other microtubule-associated proteins, tau participates in microtubule formation,
microtubule stabilization and axonal transport. Post-translational modifications, such as phosphorylation,
can alter its capacity to bind the microtubules (Figure 7). In AD, the kinase/phosphatase activity balance is
disrupted and an increase in kinases and/or decrease in phosphatase activity is observed **. The consequent
hyperphosphorylation of tau results in cytoskeleton instability, which in turn leads to impaired axonal
transport, neuronal dysfunction, synapse loss and ultimately, degeneration. In addition, tau
hyperphosphorylation induces conformational changes in the protein towards a -sheet conformation. Like
AP, tau does not have a stable secondary or tertiary structure. Rich B-sheet conformation, which is induced
by post-translational modifications, makes tau more prone to aggregate into oligomers, fibers, and finally
neurofibrillary tangles (NFTs). NFTs are abnormal intracellular insoluble aggregates formed by

hyperphosphorylated tau organized mainly in paired helical filaments (PHFs) (reviewed in *).
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Figure 7. Consequences of tau
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Neurofibrillary tangles have been shown to propagate in very distant areas of the brain. In AD, they
first appear in the entorhinal cortex followed by other connected regions like the hippocampus and the
cortex. It is believed that hyperphosphorylated tau aggregates can be transferred from one cell to another,
and induce the formation of NFTs in apparently healthy cells. The prion-like Tau propagation hypothesis
postulates that the toxic protein can be released from donor cells through exosomes or directly from the
plasma membrane. Thereafter, both neurons and microglia can internalize tau through endocytosis and once
inside the cell, induce endogenous tau to aggregate through mechanisms, which are still poorly understood
(reviewed in *). In mouse models, injection of synthetic tau aggregates or brain extracts from human
patients induces pathological tau and its spreading to distant brain areas *'. In-vitro, NFTs have been shown
to be transferred from one cell to another *2. In-vivo, there is a sequential progression of NFTs throughout
the brain. This begins with the formation of NFTs in the entorhinal cortex, followed by the CA1 region of
the hippocampus, limbic structures, amygdala, thalamus, and claustrum. Subsequently, cortical areas are

affected, and lastly, NFTs appear in the primary sensory, motor, and visual cortical regions of the brain *.

1.5.3. Neuroinflammation

Neuroinflammation is a complex inflammatory response that protects the brain from aggressions and
is also observed in neurodegenerative diseases. In the brain, astrocytes and microglia are the principal cell

types responsible for the inflammatory response. They do so by producing inflammatory signals, such as
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cytokines (IL-1pB, IL-1, IL-18, and TNF), chemokines (CCL1, CCL5, and CXCL1), nitric oxide (NO) and
activating the complement response. Other cell types like capillary endothelial cells and peripheric cells,

that can infiltrate after damage to the blood-brain barrier (BBB), are also of great importance >*.

In AD, pathogenic AP and Tau misfolded species can activate glial cells and start an inflammatory
cascade. It is believed that at the initial stages of the disease, the inflammatory response can be beneficial
and help neuronal repair. However, when the inflammation persists, chronic exposure to pro-inflammatory
cytokines and increased oxidative stress can damage the neurons by exacerbating the AB and Tau-induced

toxic effects.

1.5.3.1. Microglia in AD

Microglia are the central nervous system (CNS) innate immune cells, equivalent to resident
macrophages in non-CNS tissues *°. During development, they are derived from myeloid progenitors in the
bone marrow and have important roles such as synaptic pruning, synaptic plasticity and immune
surveillance *. In contrast to macrophages, microglia are self-renewed and, in physiological conditions, do
not depend on circulating monocytes in adulthood. These glial cells have phagocytic capacity that can be
activated in pathogenic conditions. Activated microglia change drastically their morphology from a highly
ramified distribution to an ameboid form. In normal conditions, once the inflammation is resolved, the cells

return to their physiological phenotype and carry beneficial functions.

In AD, abnormal AP aggregates activate microglial cells, which can internalize the toxic peptide and
degrade it through endocytic pathways. This phagocytosis-mediated AP clearance mechanism is also
accompanied by an upregulation of inflammatory gene cascades. Several surface receptors have been
identified to recognize AP and facilitate its internalization. For instance, the membrane receptor TREM2
binds APo and internalizes it for further degradation. In addition, TREM2 activates intracellular cascades
through SYK and GSK3p pathways that subsequently lead to an anti-inflammatory response. In mouse
models, TREM?2 deficiency leads to increased amyloid load, and an increased TREM2 expression reduces
plaques and cognitive impairment *"°*. Interestingly, genome-wide association studies (GWAS) have
identified some variants of the receptor to significantly increase AD risk by 2-4-fold, through the reduction

of the binding affinity of the receptor to AB *°.

39



1.5.3.2. Astrocytes in AD

Astrocytes are the most abundant glial cells in the brain. They contribute to neuronal synapse formation,
support, and transmission. In addition, they closely regulate cerebral blood by maintaining the BBB. Like
microglia, astrocytes are reactive to pathological insults and can change their morphology and gene
expression to prevent and resolve inflammation. This phenotype, also known as Al, is accompanied by an

increased expression of inflammatory molecules that can lead to neuronal death.

In AD, both A aggregates and pro-inflammatory cytokines released by microglia can lead to astrocyte
activation. Activated astrocytes play an important role in the clearance of AP through phagocytosis and
synthesis of ApoE. This apolipoprotein mediates the delivery of lipids and cholesterol to neurons and glia
and participates in AP clearance mechanisms. Controversially, astrocytes can also induce inflammation by
releasing pro-inflammatory cytokines and activating reactive nitrogen species and reactive oxygen species
(ROS), which then aggravated the disease. In post-mortem samples of AD patients, recruitment of Al-

60,61

activated astrocytes is often detected close to amyloid plaques *°". At the synaptic level, pathologically

activated astrocytes release excessive levels of GABA, glutamate and ATP, leading to neuronal

62,63

hyperexcitability and synaptic lost "~*°. In addition, their close regulation of BBB can be compromised,

and an increased permeability of the barrier can lead to infiltration of peripheral cells into the brain.

1.5.4. Oxidative stress and mitochondrial dysfunction

Oxidative stress refers to an imbalance between the production of ROS and the cellular antioxidant
capacity *. Because of a natural low antioxidant capacity and high oxygen consumption rate, neurons are
very sensitive to changes in oxidative stress and mitochondrial damage . ROS are chemical species formed
after incomplete reduction of molecular oxygen including superoxide radical (O,"), hydrogen peroxide
(H20,) and hydroxyl radicals (‘OH). These highly reactive species can be produced by endogenous
processes or obtained through extrinsic sources. In the cytosol, the transmembrane NADPH oxidase enzyme
can transfer electrons from NADPH to oxygen molecules creating O,". In the mitochondria, ROS can be
obtained through the electron-transport chain reaction, which is the cell’s essential mechanism of ATP
generation. Oxygen molecules are the ultimate acceptors of electrons in this process, resulting in superoxide
radicals as well. Superoxide is quickly processed by the mitochondrial superoxide dismutase obtaining
H»0,, the majoritarian ROS species in our system. In addition, metal ions like iron can catalyze the
conversion of O~ or H,0» to the highly reactive -OH. Exogenous insults such as ultraviolet light, pollutants
or radiation can also rapidly generate ROS. Highly reactive species like -OH have very short lifetimes as

they oxidate a wide variety of molecules. Lower reactivity species including H,O> or O, have more
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selective targets. Proteins like phosphatases containing a Cysteine residue can be oxidated by ROS inducing
a conformational and consequent activity change. Interestingly, oxidation of PP2A facilitates activation
GSK3p, one of the kinases responsible for Tau phosphorylation. ROS can further oxidate lipids and directly

interact with DNA, changing cell membrane fluidity and inducing toxic damage, respectively (reviewed in

66).

In physiological conditions, mitochondria can modulate intracellular calcium levels by quickly
absorbing the ion when rising levels are detected in the cytoplasm. This is an essential buffering mechanism
to keep in-range levels of cytoplasmic calcium and avoid toxic overload . However, when excessive
calcium is absorbed in the mitochondria, an increase in ROS production and inhibition of ATP synthesis is
induced. An important player in the electron-transport chain reaction, the cytochrome C is released to the
cytosol, a signal to induce caspase activity and cell apoptosis. In AD, a deficiency in cytochrome c oxidase
accompanied by an increase in ROS production and a deficiency in ATP is observed ®. Throughout the
pathology progression, mitochondria are simultaneously the producer of ROS and a major target of its toxic
effect ®. Reduced mitochondrial function leads to oxidation of the previously mentioned molecular targets,

reduced energy sources, calcium signaling deregulation and ultimately cell death.

1.5.5. Cholinergic loss

In 1976 Peter Davies and A.J.F. Maloney introduced the cholinergic hypothesis of AD based on the
observations of a deficit in choline acetyltransferase (ChAT), the enzyme responsible for the synthesis of
Acetylcholine (ACh), specifically in the amygdala, hippocampus and cortex of AD patients 7%, In
addition, a specific loss of cholinergic cells in the nucleus basalis of Meynert (NBM) of the basal forebrain,
the source of cortical cholinergic innervation, was identified 7*"*. NBM cholinergic neurons have a pivotal
role in cognitive function and attention, therefore their loss could partially explain the clinical
manifestations of AD. In addition, loss of ACh-mediated control of the BBB could lead to impaired
drainage and AP clearance from the brain. These series of events inspired a growing number of clinical
trials. Three of the successful trails resulted in the development of Donepezil, Rivastigmine and
Galantamine, three drugs that target the cholinergic system by inhibiting the enzyme responsible for

metabolizing ACh in the synaptic cleft; acetylcholinesterase (AChE), which then increases the

neurotransmitter levels in the synapse .

Currently, we know that the cholinergic system is extensively impaired in AD. Of interest, nAChR, are

significantly reduced in the cerebral cortex of patients with AD " and have been proposed to be the key

41



players of the disease pathophysiology *. The homopentameric a7 receptor was the first nAChR to be
linked to AD due to its capacity to bind AB and facilitate the peptide internalization through endocytosis ¥~
82 AP binding to anAChR can lead to both the activation and inhibition of intracellular pathways related to
plasticity, neuroprotection, learning, and memory. The effects of AB-nAChR interactions highly depend on
the exposure time and AP concentration; when AP is present in low concentrations and for a short period
of time, it is believed to have an a7-nAchR-driven physiologic and homeostatic effect. However, when its
concentrations and incubation time increase, like in AD, it can lead to the opposite effects. Another type of
nAChR containing the B2 subunits were also shown to be involved in the disease. B2 subunit usually forms
heterotetrametric receptors with a4, but it can also assemble to a7 composing the o732 nAChR. This
receptor shows the highest sensitivity to AP toxicity and it is only expressed in basal forebrain cholinergic

neurons and hippocampal interneurons **° .

Recently, GWAS have reported a link between nAChR expression doses and AD. Interestingly, the low
number of copy number variance (CNV) of the newly discovered human-specific CHRFAM?7A receptor
correlate with a higher risk of developing the disease ****. CHRFAM?7A is a recent partial duplication of
the a7-nAChR which is present only in humans. This species specificity could explain, at least in part, the
reported higher vulnerability of human cells to neurodegeneration when compared to mouse counterparts

%A deeper evaluation of the roles of 07-nAChR and CHRFAM?7A in AD is presented in Chapter 2.6.

1.6. Risk and protective factors

EOAD or fAD is mostly caused by familiar mutations with autosomal dominant heritability. The most
common genetic variants affect either APP or the gamma-secretase complex, which is responsible for APP
processing. Mutations in the APP gene were the first events that were discovered due to pioneering research
on Down syndrome pathology. Patients with trisomy 21 commonly suffer from AD-like symptomatology
and histopathological hallmarks. Therefore, genes in this chromosome were evaluated and several
mutations in the APP gene were detected in LOAD families *°. To date, about a hundred mutations have
been described in the APP gene, clustering near the secretases cleaving sites and promoting the
amyloidogenic pathway by favoring the action of p and gamma-secretase (Figure 8). While mutations near
the B-secretase cleaving site increase both the production of Ao and ABi4» °', mutations around the
gamma-secretase cleavage site specifically increase APi4 °2. Other mutations in the APP gene include
single nucleotide polymorphisms at the AP sequence region that increase the self-aggregation capacity of
the peptide after cleavage. Interestingly, a rare Icelandic APP mutation (Ala673Thr) can be protective

against the disease ®. Even though mutations in the APP gene are frequent in fAD patients, the most
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common mutations are found in the PSEN1 and PSEN2 genes, components of the gamma-secretase
complex **. Like APP mutations, these modifications can change the enzyme cleavage activity and result

in an increase in A4, production.

- 5 Figure 8. APP mutations found in fAD
patients.
Most mutations are in the AP coding sequence

and around the gamma-secretase cleaving site *°.
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LOAD has a complex multifactorial etiology that results from a combination of genetic and
environmental factors. Twin studies have shown that the risk of AD is 60-80% hereditable *° (Figure 9).
The most well-known genetic risk factor of AD is the ApoE genotype. Three possible ApoE alleles exist in
the population: ApoE2, ApoE3 and ApoE4. The last one, ApoE4, shows the highest affinity to AP peptide,
and it is associated with a poorer clearance capacity and increased aggregation of amyloid plaques.
Populational studies indicate that while carrying one allele of ApoE4 increases the risk of AD 3 to 4 times,
carrying the E2 isoform decreases risk by 2-fold *’. Most recently, many polymorphisms in genes involved
in microglia function and inflammatory response have been identified through GWAS studies. For instance,

TREM2 mutations increase AD risk to similar ratios to those carrying one copy of ApoE4.
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Non-genetic factors like aging, metal exposure, traumatic brain injury, malnutrition, diabetes, or viral
infections have also been proposed to be risk factors for the disease. By contrast, a healthy lifestyle

involving physical exercise, cognitive activity and a well-balanced diet could be beneficial *°.

1.77. Available treatments and clinical trials

Extensive efforts to develop drug treatments for AD have been carried out over the past decades with
little to no success. The constant failure to translate basic research into successful clinical outcomes could
be explained by the lack of human complexity in the classic research models used such as animals or cells.
Firstly, AD is a pathology directly linked with aging, a difficult factor to reproduce in these models.
Secondly, observations obtained from surely simplified research models can be difficult to interpret when

considering the etiological and pathophysiological complexity of the disease.

Until recently, the only drugs available for AD were the 3 cholinesterase inhibitors; Donepezil,
Rivastigmine and Galantamine, and the NMDA receptor antagonist; Memantine. However, none of these
drugs are disease-modifying treatments (DMT) as their effects are palliative. In 2021, the US Food and
Drug Administration (FDA) approved the use of Aducanumab, the first DMT AD drug to be accepted.
Aducanumab is an anti-Ap antibody that selectively binds to aggregated firms of AP (oligomers and fibrils).
In 2019, two Aducanumab phase 3 clinical trials were stopped early due to insufficient treatment efficiency.
The drug administration convincingly reduced AP plaques in the brain but clinical improvement was only
reported in one of the studies '®°. In 2021, the FDA controversially changed their decision and approved the
drug through an accelerated program based on a re-evaluation of the clinical trial’s data and endpoints.
FDA argued that, even though the clinical benefit was not clearly demonstrated, clinical improvement was
expected as AP levels in the brain were robustly decreased '°'. More recently, a second anti-Af antibody-
based drug, Lecanemab was approved. In a phase 3 clinical study, 18 months of treatment showed a
reduction of cognitive decline and a significant decrease of amyloid plaques in the brain ',

Despite new drugs are encouraging and bringing hope to the field, no curative treatment is available. A
combination of reliable biomarker-based diagnosis and DMT administration at the early stages of the

disease will be essential for future therapy development.
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The cholinergic system and its role in Alzheimer's

disease

2.1. Introduction to the cholinergic system

The cholinergic system is composed of a group of neurons in the brain that use acetylcholine (ACh) as
a neurotransmitter. Although cholinergic neurons are relatively few in number, they participate in a wide
variety of cognitive functions including learning, memory, attention, sleep-wakefulness, sensory
processing, and motor coordination '®. ACh serves as a neuromodulator in the brain by its action through
both muscarinic acetylcholine receptors (mAChR) and nicotinic acetylcholine receptors (nAChR) '™, Due

to the significant involvement of nAChR in AD, this chapter will primarily focus on these receptors.

2.2.  Cholinergic system anatomical distribution and physiological roles

Cholinergic neurons are found in two brain structures: the basal ganglia and the basal forebrain '°>~'%%,

Cells in these two structures share similar morphologies but have distinct projection patterns. On the one

107,109

hand, basal ganglia cholinergic neurons project locally and participate in the transitions from sleep to

19 On the other hand, neurons located

awake states and the regulation of voluntary movement (reviewed in
in the basal forebrain project to distant brain areas '’ and are implicated in multiple cognitive functions,
including synaptic plasticity, learning, memory, arousal and attention and in sleep-wakefulness regulation

I (Figure 10).
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Figure 10. Cholinergic system in the rodent brain.
Representation of the two nuclei of cholinergic cells and their innervation patterns. According to the section

classification proposed by Mesulam and colleagues (Mesulam, Mufson, Wainer, et al., 1983), the basal
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forebrain system (purple) is composed of regions Chl to Ch4. The Chl region is localized in the medial
septal nucleus (ms) and the Ch2 section is in the vertical diagonal band nucleus (vdb). Both nuclei project
mostly to the hippocampus area. The Ch3 region refers to the horizontal diagonal band nucleus (hbd) which
projects to the olfactory bulb. Cholinergic neurons in the nucleus basalis of Meynert (bas) compose the Ch4
region which projects to the neocortex and amygdala. The basal ganglia system (green) is divided into Ch5
and Cho6 regions, contained in the pedunculopontine tegmental nucleus (ppt) and the laterodorsal tegmental
nucleus (Itd), respectively. Both sections project to the thalamus, basal ganglia structures, and basal

forebrain 4,

2.3. Acetylcholine

ACh, the neurotransmitter used by the cholinergic neurons, is an essential neurotransmitter of the brain
and of the peripheral nervous system (PNS) where it regulates both the somatic and autonomic systems '*°.
ACh is synthetized, and recycled through a well-established mechanism in pre-synaptic neurons as detailed

in Figure 11.

i \:::::.:m Figure 11. Acetylcholine synthesis and
& - recycling.
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both mAChR and nACh receptors, leading to G protein-mediated intracellular signaling and the opening of

channels, respectively ''¢.
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To carry its actions, ACh binds to both pre- and post-synaptic receptors, including mAChR and nAChR
"7 reviewed in ', The mAChR are transmembrane proteins coupled with G proteins that trigger
intracellular signaling cascades after receptor activation ''’. Through ACh activation, mAChR participate
in the regulation of the parasympathetic nervous system needed for maintenance of homeostasis of
physiologic processes including heart rate, blood pressure, breather or digestion (Reviewed in ''%). The
nAChR are non-selective ion channels that, when activated, enable the movement of ions across the cell

membrane. In the PNS, nAChR participate both in somatic and autonomous responses '%°.

2.4. The nicotinic acetylcholine receptors

Nicotine acetylcholine receptors (nAChR) are ligand-gated ion channels which consist of five subunits
arranged together to form a central hydrophilic pore '*'. nAChR can be found in both the PNS and in the
brain. In the PNS, nAChR reside, in the skeletal neuromuscular junction where they mediate voluntary
muscle contraction (muscle nAChR)'?. While neuronal nAChR withing the PNS are typically located in
autonomic ganglia where they modulate both the parasympathetic and sympathetic nervous system '*. In

the brain, nAChR are expressed both presynaptically and postsynaptically in various structures (Figure 12).

In mammals, a total of seventeen different subunits for nAChR have been identified and shown to
exhibit varying expression patterns in the body '**. These subunits include o (au1-10), B (B1-4), v, & and .
Muscle nAChR are heteropentameric receptors composed of two a1 subunits, a 1 subunit, a y subunit and
a & (fetal AChR) or & subunit (adult AChR) '*. In the brain, nine a-subunits (0.2-10) and three B-subunits
(B2-4) have been identified. While a7, a9 and .10 subunits can form homopentameric receptors, 02-6 2-

125

4 and can form heteropentamers (reviewed in ). The different subunit combinations result in distinct

pharmacological and kinetic properties, and brain distribution (Figure 12).
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Figure 12. Distribution of
nACHhR in the brain.

Brain regions contain distinct
combinations of o and P
subunits forming both homo-
and heteropentameric

receptors. Adapted from '*.

2.4.1. Structure of neuronal nAChR

The detailed structure of nAChR has now been solved by different techniques including high resolution

electron microscopy '**'?, X-ray crystallography '** and computational modeling '*

Figure 13. The ring-like structure of nAChR.
First images of nAChR in the electric organ of Torpedo fish using electron microscopy from '*’. Cryo-

electron microscopy structure of o.7-nAChR in its activated state by epibatidine binding '*°.
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As previously mentioned, nAChR are composed of 5 subunits forming a ring-like structure. Each
subunit consists of an N-terminal extracellular domain (ECD) that contains the distinct Cys-loop?, 4
transmembrane domains (TM1-4), and a large intercellular loop that connects TM3 and TM4 (Figure 14).
The ECD is folded in an immunoglobulin-like B sandwich and contains the ligand binding pocket (LBP),
where ACh and nicotine can bind to induce receptor activation and subsequent channel opening.

LBP is located at the interface between two adjacent subunits and consists of a principal and a
complementary component. The principal component is formed by three loops (A, B and C) in the a.-subunit
that directly interact with the agonist through specific amino acid residues. Additional D, E and F loops
form the complementary component in the neighboring subunit, which facilitates ligand binding by helping
to maintain a proper LBP conformation '**. In the brain, ligand binding sites occur at the interface between
o-subunits and B-subunits, except for the homomeric a7-nAChR where two adjacent o-subunits form the
LBP. According to the pentamer composition, the number of binding sites can range from 2 to 5.

The transmembrane domains are folded in a-helix conformation and arranged into a bundle, with
the TM2 segment of each subunit forming the pore wall. Within this domain, there are allosteric sites that
can be targeted by receptor modulators. Allosteric modulators are components that can bind to the receptors
in positions other than the ligand binding site, also known as orthosteric site. Some allosteric sites can also

be found in the cytoplasmic and extracellular domains of the channel.

Figure 14. Structure of nAChR.
a. Nicotinic receptors are pentameric
transmembrane proteins. When open,

these ion channels allow the diffusion of

b- Ca™?, Na" and K" through the membrane.
Orsiocp b. Each subunit of the pentamer is formed
by an extracellular, transmembrane, and

E & cytosolic domain. c. Agonists like ACh

or nicotine can bind at the interface

between two adjacent subunits. d. The

complementary and principal faces of adjacent subunits form the LBP for ACh binding '*'.

2 Cys-loop: structural motif formed by a pair of conserved cysteine residues that form a disulfide bond. Ligand-gated
ion channels that contain this motif are known as cys-loop receptors. This superfamily of receptors includes nAChR,
GABA-A receptors, glycine receptors, and serotonin 5-HT3 receptors.
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2.4.2. Neuronal nAChR function

nAChR present three configuration states; resting, active or desensitized. The resting state consists of
the closed ion channel and can be stabilized by nAChR antagonists like o-bungarotoxin (a-BGT). When
the agonist binds to the receptor binding domain, a fast conformational change occurs and results in the
opening of the pore. This process can also be initiated by non-endogenous agonists like nicotine and
epibatidine. At this stage, the channel facilitates Na* and Ca*? inward currents while allowing the efflux of
K". After the initial activation of the receptor, subsequent conformational changes cause the channel to
close, resulting in the desensitized state. In this state, nAChR channels remain closed even in the presence

130) Counterintuitively, the

of an agonist, rendering them unresponsive to further stimulation (Reviewed
fast active state of nAChR exhibits low affinity to agonists with a dissociation constant (Kd) for ACh
ranging from 50-100 mM, while the desensitized state shows higher affinity to both agonist and antagonist,
with Kd values for ACh of approximately 1 mM for fast desensitized state and 3-5 nM for slow desensitized
state. It is thought that the low affinity of agonist for the receptor in its open state enables repetitive and fast

signal transmission >3,

»®%,

Figure 15. nAChR configuration states.
Closed (C), open (O) and desensitized (D) .
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The transition between the different receptor configuration states can be altered by allosteric
modulators. Allosteric modulators have two potential modes of action: they can inhibit receptor activation
by agonists (known as negative allosteric modulators or NAM), or they can amplify the effects of agonist
activation (known as positive allosteric modulators or PAM). This can be achieved by altering the agonist's
efficacy or by modifying the energy barrier between different conformational states of the receptor *’. In
addition to classical PAMs and NAMs, there are also silent allosteric modulators (SAMs) which do not
directly potentiate or inhibit the receptor, but instead can block the effects of other allosteric modulators by

competing for the binding site '**.
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2.5. The alpha7 nicotinic receptor and its human specific duplication:

CHRFAM7A

2.5.1. The a7-nAChR

The a7-nAChR represents one of the most prevalent nAChR in the CNS expressed in brain regions that
are important for cognitive functions such as the hippocampus, cortex, amygdala and basal forebrain '*°.
The homopentamer is present in both pre-synaptic and post-synaptic neuronal compartments, primarily
functioning as an ion channel. The a7-nAChR has distinctive traits like fast activation and desensitization
upon agonist stimulation, as well as a notably elevated calcium permeability, low affinity for nicotine and
selective inhibition by a-BGT and methyllycaconitine (MLA). In neurons, an increase in intracellular
calcium levels mediated by the a7-nAChR can trigger various physiological responses, such as cell
depolarization, neurotransmitter release, and the liberation of additional calcium from intracellular stores.
These responses are crucial mechanisms of synaptic plasticity, and their precise regulation by a7-nAChR
is essential for maintaining proper synaptic function. For example, in the CAl hippocampal region,
activating a7-nAChR through cholinergic input during 100 ms before the glutamatergic input via the
Schaffer collateral pathway induces long-term potentiation '**. However, if a7-nAChR is activated only 10
ms prior to the glutamatergic input, short-term depression occurs, which is mediated by pre-synaptic

inhibition of glutamate release '**.

a7-nAChR is also highly expressed in immune cells including resident macrophages and lymphocytes
in the periphery and by microglia and astrocytes in the brain '*°. In these non-neuronal cells, the receptor
primarily facilitates metabotropic signaling to modulate inflammatory responses through the cholinergic
anti-inflammatory pathway. When the vagus nerve releases acetylcholine as part of its functions within the
parasympathetic nervous system, it activates a7-nAChR. This, in turn, triggers two major intracellular
pathways: Jak2/STAT3 and PI3K/Akt. The Jak2/STAT3 pathway involves the phosphorylation of Jak2,
which then phosphorylates STAT3. This inhibits the translocation of NF-kB to the nucleus and prevents it
from acting as a transcription factor for inflammatory gene expression, such as pro-inflammatory cytokines.
Furthermore, phosphorylated STAT3 can form dimers and translocate into the nucleus, where it regulates
the transcription of suppressor of cytokine signaling 3, a cytokine-inducible negative regulator of cytokine
signaling. The second pathway involves PIK3 and Akt, where PIK3 activation leads to the phosphorylation
of Akt, which induces the translocation of Nrf2 into the nucleus. In the nucleus, Nrf2 coordinates cellular
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antioxidant response by activating genes such as heme-oxygenase 1 (reviewed in ). Therefore, the proper

functioning of a7-nAChR is vital for regulating inflammatory responses in immune cells.
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2.5.1.1. Genomic and protein structure

a7-nAChR subunits are encoded by the CHRNA7 gene. This 75000 bp gene consists of 10 exons and 9

introns that transcribe a 1509 bp cDNA sequence. CHRNA?7 is located in the chromosome 15q13 region,

which is particularly susceptible to genome instability due to the presence of low copy repeats within the

sequence. Genomic variation in this region involving deletions and duplications have been implicated in a

variety of neuropsychological disorders including schizophrenia, bipolar disorder, autism spectrum disorder

and AD #7144,

CHRNA?7 encodes a 57 KDa protein structured in a similar fashion to other nAChR with an ECD, four

transmembrane domains and an intracellular loop (Figure 16).
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Figure 16. Structure of an a7-nAChR
subunit.

The extracellular domain is composed of
exons 1 to 7. In this region, important sites
for receptor trafficking and ligand binding
are found, namely the signal peptide® (exon
1-2), glycosylation sites (exon 2, 4 and 5)
and the well-known Cys-loop (exon 6).
Exon 7, exon 8 and exon 9 encode the
transmembrane domains 1, 2 and 3,
respectively. The cytoplasmic loop is
encoded by exon 10 and contains several
sites for post-translational modification

like phosphorylation by protein kinases '*.

3 Signal peptide: N-terminal sequence used for directing the entry of a protein into the endoplasmic reticulum for
gnal pep q g ry p p

assembly and transport.
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2.5.1.2. Synthesis and trafficking

nAChR are glycoproteins synthetized through the classical protein biosynthesis pathway. Ribosomes
within the endoplasmic reticulum (ER) translate mRNA to produce the protein's amino acid sequence. In
the ER, preassembled oligosaccharides that are rich in mannose sugars are added to the newly synthesized
protein. With the assistance of ER-residing chaperones, folding and oligomerization of proteins is possible
at this stage. To prevent the accumulation of incorrectly folded proteins, the quality control mechanism
known as ER-associated degradation can identify any folding abnormalities and, by a ubiquitin-dependent
mechanism, relocate the protein to the cytosol where it is then degraded. Correctly folded proteins are
transported to the Golgi apparatus for further processing. The Golgi apparatus contains enzymes that can
trim and modify the oligosaccharides into more complex structures before reaching the final destination.

Mature proteins are then packed into vesicles and transported to the cell surface '*°.

The a7-nAChR subunits, like all glycoproteins, undergo synthesis in the ER. After the amino acids
sequence is generated, the peptide undergoes a series of post-translational modifications, including cleavage
of the signal sequence, oxidation of disulfide bonds, and glycosylation at three specific sites (N46DS,
NI9OMS, and N13AS) (reviewed in '*"). In the case of nAChR receptors, correct folding and pentamer
assembly are believed to be necessary before the protein can be exported to the Golgi apparatus and
ultimately to the membrane '**'*’. The receptor maturation process is complex and inefficient, taking
around 2-3 hours, with only a fraction of the nAChR synthesized reaching their final destination. Two
chaperones, the nAChR chaperone TMEM35a (NACHO) and resistance to inhibitors of cholinesterase 3
(RIC3), are believed to play key roles in the assembly and transportation of the receptor to the plasma

membrane.

2.5.1.2.1. a7-nAChR chaperones NACHO and RIC3

NACHO and RIC3 are both resident ER chaperones involved in a7-nAChR folding and oligomeric
assembly of pentamers. The role of RIC3 in the maturation process of receptors was initially discovered in
C elegans "', In this system, the expression of the chaperone is essential for nAChR assembly and
function. However, the impact of RIC3 on a7-nAChR processing in mammalian systems appears to be
moderate and highly dependent on cell line and experimental conditions '**'**, NACHO, on the other hand,
is essential for a7-nAChR assembling and maturation in mammalian cells. In culture systems, a7-nAChR
transfections typically do not result in robust surface expression of the receptor. However, co-expression
with NACHO enhances its surface expression '*°. Recent data have demonstrated that RIC3 and NACHO

work synergically to induce the receptor expression in the membrane.
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Studies from Bredt’s laboratory have found that expression of a7-nAChR alone or co-expression with
RIC3 expression did not result in receptor surface expression nor intracellular folded a7-nAChR pentamers.
However, co-expression of a7-nACHR with NACHO led to a robust increase in both membrane and
intracellular receptors. Furthermore, co-expression of a7-nAChR with NACHO and RIC3 induces an
increase in receptor expression on the cell surface, without any additional effect on the intracellular pool of
receptors >’

Recent studies from the same laboratory provided insights into the specific molecular interactions
between chaperones and receptors. Through the creation of receptor domain chimeras, Bredt and collegues
identified that residues L264 and G265 in the transmembrane domain 2 were critical for NACHO-mediated
effects. In contrast, and in accordance with previous studies, RIC3 did not interact with the transmembrane
domain but instead interacted with the intracellular loop '*°. In addition to the TM2 region, the glycosylation
of a7-nACHR was found to be essential for NACHO-mediated chaperone function. Single mutations in
any of the three a7-nAChR glycosylation sites lead to reduced NACHO-mediated surface receptor labeling
of at least 90%. Lastly, NACHO was found to interact with ribophorin 1 and 2 and calnexin, all of which
are key players in the initial glycosylation at the ER. Mutations in the ligand binding pocket region did not

influence the effects of either chaperone '¥’.

Figure 17. The model
proposed for a7-nACHR
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. Assembled o7 and with calnexin which may
Misfolded a7

Nascentu7\/ \/ mediate a7-nAChR assembly

by regulating glycosylation
and folding. After proper
folding, pentameric nAChR go to the Golgi and plasma membrane a step facilitated by RIC3 '*’.

2.5.1.2.2. Nicotine — chemical chaperone
Nicotine has been shown to upregulate its own receptors, with evident effects in the high-affinity a4p2
nAChR but also a7-nAChR "**'*°_ The up-regulation occurs via a post-transcriptional mechanism, as there

are no changes in nAChR mRNA levels '*®. Additionally, the up-regulation is present even when protein
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synthesis is blocked, indicating a post-translational regulation. Furthermore, nicotine appears to specifically
increase high-mannose species of nAChR without altering the receptor's trafficking towards the Golgi and
cell surface. This suggests a mechanism in which nicotine acts as a chemical chaperone or maturation

enhancer, enabling nAChR species to escape from the ER-associated degradation and reach the cell surface
160

2.5.2. CHRFAM7A

CHRFAM7A is a human-specific gene that encodes the nicotinic acetylcholine receptor (nAChR)
subunit dupa7. This gene originated about 200,000 years ago, after a fusion between the CHRNA7 gene,
encoding the a7-nAChR, and the ULK4 gene '®'. CHRFAM7A is located in the genomic unstable 15q13.3
region. The human nicotinic subunit can assemble with a7 subunits, and form functional receptors %
Importantly, various pieces of evidence suggest that the expression of the dupa7 subunit results in the

dominant negative regulation of the 07-nAChR '631%,

2.5.2.1. Genetic origin and population variation

CHRFAM7A is a hybrid gene resulting from the fusion of exons 5 to 10 from the original CHRNA7
gene and exons A-D from the FAM7A genetic element. FAM7A, in turn, was created by a duplication of
the ULK4 gene found on chromosome 3 and the incorporation of exons from the GOLGASB gene on
chromosome 15. The newly formed CHRFAM7A gene, located approximately 1.6 Mb upstream of
CHRNA?7, consists of 9 exons arranged in the order 5'-D-C-B-A-5-6-7-8-9-10-3' (direct allele)'*. In some
individuals, a 2-base pair deletion polymorphism in exon 6 has been detected (A2bp variant) and associated
with the inversion of the gene orientation (inverted allele) '®*. Due to 99.9% homology between exons 5 to
10 of CHRFAM74 and CHRNA7 ', distinguishing between the two genes in GWAS can be difficult as
reads are often mistakenly aligned to the ancestral genes.

Figure 18. Origin of the CHRFAM7A
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CHRFAM7A exhibits CNV in the human population, with some people having between zero and

three copies (Table 2). This genomic diversity has been associated with several cognitive disorders

including bipolar disorder, endophenotypes of schizophrenia such as P50 sensory processing deficit

165-169
5

tobacco addition ' and AD **'**!7! The specific role of CHRFAM?7A in AD is further discussed in chapter

2.6.
Flomen 2006 ' Sinkus 2009 ' Petrovskyet '’
Genotype - A-A C H -
11 2% 5% 0% 0% -
12 10% 3% 16% 32% 12%
13 6% 2% 6% 11% 16%
22 26% 58% 23% 11% 17%
23 39% 20% 46% 43% 41%
33 17% 12% 10% 3% 15%
n= 187 60 192 37 103

* 1 = Ancestral allele, 2 = Direct allele, 3 = Inverted allele (2bp)

Sinkus 2015 '' | Szigeti 2014 '"' | Cameli 2018 '"° | Szigeti 2020 '

Genotype  Copies
11 0 1% 2% 1% 1%
12,13 1 20% 16% 18% 18%
22,23,33 2 78% 82% 77% 80%
- 3 3% 2% 5% 2%

Genotype Allele
11,12,13 A - 9% 9%
12,22,23 D - 46% 49%
12,23,33 I - 44% 42%
n= 499 194 657

* 1/ A = Ancestral allele, 2 / D = Direct allele, 3 / I = Inverted allele (2bp)
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Table 2. CHRFAM7A4 CNVs in the population.

Three possibilities including not having the CHRFAM7A gene (ancestral allele, genotype 1 or A), having
the direct allele (genotype 2 or D) or the inverted form (genotype 3 or I) exist. The combination of these
three possibilities can give 6 possible genotypes including 11 (two ancestral alleles, 0 copies of
CHRFAM7A), 12 (one ancestral allele and one copy of the direct form of CHRFAM?7A), 13 (one ancestral
allele and one copy of the inverted form of CHRFAM7A), 22 (two copies of the direct form of CHRFAM7A4),
23 (one copy of the direct form of CHRFAM7A and one copy of the indirect form of CHRFAM7A) and 33
(two copies of the indirect form of CHRFAM7A4).

2.5.2.2. Sequence and structure

As previously mentioned, CHRFAM7A shares a homologous sequence with CHRNA7 from exon 5 to
exon 10, implying that the receptor’s transmembrane and intracellular domains are conserved. Therefore,
the human-specific subunit dupa7 is capable of forming an ion channel when incorporated in the pentamer.
However, the ECD is different due to the incorporation of exons A to D from which only B and A are
translated. The substitution of exons 1 to 4 from CHRNA7 for exons B and A of FAM7A leads to the loss
of essential sequences including the signal peptide, two of the three glycosylation sites, and the ligand
binding domain. Consequently, the subunit cannot form an ligand binding domain (LBD) and is likely to

encounter difficulties in synthesis, folding and trafficking '.

A Exm[— Figure 19. Exons and protein
Ex1 Ex2 Ex3  Ex4 Ex5 Ex6 Ex7 Ex8 Ex9 Ex10 = |exs-10
e T+ HI- - structures of human genotypes.

| -
e Ex78 In the ancestral CHRNA7 gene,
ExB T . .
] the start codon sequence is in
ExD ExC ExA Ex5 Ex6 Ex7 Ex8 Ex9 Ex10
CHRFAM7A qlJHJ exon 1. In the CHRFAM7A gene,
ATG ATG | I— . :
x6-10 two possible starting sequences
ExB-5 can potentially be used, one in
ExD ExC ExB ExA Ex5 Ex6 Ex7 Ex8 Ex9 Ex10
dupled E—-—tﬂ-—-—t--—ﬂ—:] g Wt s bt exon B and one in exon 6. In the
stop
ATG P ATG .
ox 610 A2bp varlant, a premature stop

codon appears in exon 6 caused by a shift in the reading frame. This potentially leads to the generation of
a small soluble product and a transmembrane protein translated from the second start codon in exon 6.
Nonetheless, the translation of A2bp variant is still to be proven and some argue that it is highly improbable

to occur 2.
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2.5.2.3. CHRFAM?7A is a CHRNA7 dominant negative regulator

CHRFAM?7A acts as a dominant negative regulator of CHRNA 7 through two possible and non-exclusive
mechanisms. Firstly, the dupa7 protein can incorporate the a7-nAChR pentamer and reduce the number of
ligand binding sites. Specifically, the pentamer can accommodate up to 3 dupa7 subunits, and for the
receptor to be functional, it needs to possess at least two adjacent a7 subunits '**'™* Supporting this
hypothesis, when dupa7 is expressed alone in oocytes, no nicotine- or acetylcholine-induced currents are
detected. In addition, when the human duplication and o7 subunits are co-expressed, the agonists-induced

currents are decreased as a function of dupa7 dosage '¢*'64!7

while the receptor sensitivity to ACh is not
changed. Conflicting reports exist regarding the impact of dupa7 on the enhancement of the agonist
response by the positive allosteric modulator PNU-12596, whose binding site remains unchanged in the
human subunit. While one study reported an increase in agonist response ', others have failed to replicate

162,176

these findings and some have shown a decrease in the receptor's open channel probability when dupa7

is present in the pentamers '”’.

Another hypothesis suggests that dupa7 may function as a negative regulator by trapping o7 subunits
within the ER compartment. This idea was initially supported by observations of reduced membrane
binding sites for ligands in oocytes containing dupa7, as detected by a-BGT labeling '®*'**. Further
evidence showed that dupa7 did indeed sequester a7 subunits in the ER, resulting in lower levels of mature

a7 receptors at the plasma membrane '7%,

CHRFAM7A is highly expressed in immune cells such as macrophages and lymphocytes '”°'*!. Here,
its expression could significantly change the cholinergic anti-inflammatory response. Studies have shown
that during pro-inflammatory stimuli, CHRFAM7A expression is downregulated while CHRNA7 is
increased '8!, This up-regulation of CHRNA?7 during inflammation may lead to an increase of functional
a7-nAChR in the membrane and the activation of the anti-inflammatory pathway. Indeed, in acute sepsis,
there is an increase in CHRNA7 levels that returns to normal when inflammation subsides '** and patients
with a high CHRNA7/CHRFAM?7A ratio show better prognosis '”®. However, when a chronic inflammatory
stimulus is present, an abnormal expression ratio of the genes could lead to a dysregulation of the
cholinergic anti-inflammatory response. Indeed, in chronic inflammatory disorders like inflammatory
bowel disorder, there is an increase in CHRFAM7A expression at the expense of CHRNA7, suggesting a

potential imbalance in the cholinergic anti-inflammatory response '**.
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2.6. Roles of a7nAChR and dupa7 subunit in AD

The a7-nAChR have attracted considerable interest in the context of AD pathology due to their
involvement in multiple mechanisms. As previously discussed, these receptors are crucial for synaptic
plasticity, which is essential for learning and memory, both of which are commonly impaired in AD.
Moreover, the regulation of neuroinflammation through a7-nAChR mechanisms is critical in the
pathogenesis of the disease. Additionally, a7-nAChR can mediate AB-induced toxic effects, a process that

will be explored in greater detail in this chapter.

2.6.1. Ap-a7nAChR complex: binding and consequences

a7nAChR can directly bind to AP peptides with high affinity and mediate its internalization through
endocytic mechanisms "**'%, The internalization of soluble AB, shown to precede the formation of amyloid

plaques, is highly toxic for the cell as previously discussed in Chapter 1.5.1.3.

The implications of AP binding on receptor activity are controversial, as some studies have
demonstrated an activation of the receptor while others have proved an inhibition. This disagreement in the
literature is probably due to differences in AP concentration, conformation, incubation time and
experimental system, which could highly alter the effect of the toxic peptide towards the receptor. The
general agreement is that short incubation of low picomolar doses of AP induces activation of the receptor
1867189 " similar to those naturally occurring after agonist activation, where the receptor is in an active or
desensitized state. However, at high picomolar concentrations, AP inhibits the receptor that is found in a

resting-state-like structure '*¢!8190.19! ‘Thjs could explain the discrepancies observed in a7-KO AD mice

models, where both exacerbation !> and improvement '** of cognitive deficits have been reported.
p g P

In addition to its effects on the ionotropic capacities of the a7-nAChR, AP also impacts the
metabotropic signaling pathway. Briefly, toxic levels of AP can trigger neurotoxic signaling pathways,
including apoptotic signaling (activation of caspase 3 and inhibition of Bcl2 anti-apoptotic protein) and
activation of GSK-3f, which in turn causes tau phosphorylation. By blocking a7-nAChR, A reduces the
cholinergic anti-inflammatory response by decreasing the retention of NF-kB in the cytoplasm, which
allows it to translocate to the nucleus and trigger the transduction of pro-inflammatory cytokines. These
findings suggest that targeting both the a7-nAChR and metabotropic signaling pathways could be a
promising therapeutic approach for treating AD by potentially mitigating the toxic effects of AP and

reducing neuroinflammation.
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2.7. CHRFAM?7A implications in AB-a7nAChR interaction

One of the major challenges in the development of cholinergic therapies for AD is the translational gap
observed between pre-clinical models and clinical trials. A possible explanation for this gap is the
modulation that CHRFAM7A4 exerts on a7-nAChR function. Animal models of AD that respond positively
to a7-nAChR targeted drugs only represent a scarce percentage (1%) of the population carrying the
ancestral allele. Therefore, preclinical models accounting for CHRFAM7A are crucial to understand drug

responses and AD vulnerability in the human population.

2.7.1. Human genomic association studies

Some studies have aimed to investigate the possible association between CHRFAM74 CNVs and AD.
It is important to note that genomic association studies rely on single nucleotide polymorphisms and CNV
microarrays from Illumina sequencing data, where each read is typically around 10 to 100 kb. However,
exons 5 to 10 of CHRFAM?7A are identical to CHRNA?7 and exons 1 to 4 are identical to the FAM sequence,
found multiple times in the genome. Therefore, short reads can lead to misalignment to the ancestral genes.

2bp deletion

Reads

C W S

CHRNAY7 (exon 6)

Figure 20. Example of misaligned reads in the CHRNA?7 gene region.
Cell line carrying the 2bp deletion variant (WTSI1i071-A, Wellcome Trust). Eventhough the 2bp deletion
variant is specific to CHRFAM7A, some reads containing the deletion (-2-) are mapped in the exon 6 of

CHRNA?7.

Despite the difficulties of proper CHRFAM7A genotyping, several GWAS have suggested that
CNVs in this gene may be associated with an increased risk of AD (Table 3), with one study reporting an
over-representation of individuals who do not carry the A2bp CHRFAM7A variant in the AD population

compared to controls ',
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Heinzen 2010 ' | Swaminathan 2012 ¥ Chapn:;n 2013 Szigeti 2014 '
Phenotype Case/Control Case/Control Case/Control AAO
Sample Size 331/368 794/196 3260/1290 781
Assay [llumina [lumina [lumina SNP array
Design SNP association Enrichment Enrichment GWAS
P-value 0,053 0,059 0,22 0,0000137

Table 3. CHRFAM7A CNVs associated to AD risk.
The first two Case/Control studies describe a weak association of CHRFAM7A4 CNVs to the risk of AD and
the third reported no association. In the latest article by Szigeti et all, they used ordered subset analysis by

age at onset (AAO) of AD and found a significant association between the disease and CHRFAM74 CNVs
86

In contrast, a recent study that carefully genotyped patients and controls using PCR and capillary
sequencing found no significant link between AD and CHRFAM7A CNVs or the A2bp variant.
Interestingly, this study found that individuals who did not carry a direct CHRFAM7A allele showed a
significantly greater cognitive improvement in response to donepezil, an AChEI commonly used to treat
the moderate forms of AD. The authors suggested that the CHRFAM?7A genotype could play a critical role
in cholinergic-targeted drug responses, which may explain the disparity observed between preclinical
research and clinical studies. Under the assumption that the A2bp CHRFAM7A variant does not produce a
protein, individuals lacking the direct form of CHRFAM7A may exhibit a predicted successful outcome
based on preclinical data, given that animal models also lack this gene. In contrast, individuals with the
direct form of CHRFAM?7A4 may respond differently to AChEI, suggesting that the CHRFAM?7A genotype
could influence treatment outcomes. This could be of extreme importance as people who positively respond

to AChEI treatment represent up to 25% of the population '72,

2.7.2. CHRFAMT7A interaction with a7-nAChR: in vitro studies

Using induced pluripotent stem cell (iPSC)-derived neuronal progenitors and microglia, Szigeti and
colleagues demonstrated a protective role of CHRFAM7A in AB-induced toxicity. In their studies, they
evaluated the impacts of CHRFAM74 in the a7-nAChR function, AP uptake and inflammatory responses

and observed differing yet coherent responses in neuronal progenitors and microglia '>!'77-'%7,
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In neuronal progenitors, CHRFAM7A carriers displayed lower o7-nAChR channel open probability
and currents that desensitized faster after the combined application of ACh and PNU (PAM). After exposure
to AP, neurons with CHRFAM7A4 showed lower levels of AP uptake and increased levels of pro-
inflammatory cytokines (IL1B and TNFa) production through a non-NF-kB dependent mechanism. In
contrast, cells lacking the human subunit exhibited higher levels of AP uptake and increased activation of
apoptotic markers (Casl, Cas8). The AP toxic effects could be ameliorated by blocking a-nAChR with
MLA. Szigeti and colleagues concluded the extended desensitization in cells with CHRFAM?7A could result
in a shift from ionotropic to metabotropic signaling, which would facilitate intracellular communication. In
the presence of AP accumulation, neurons may utilize this mechanism to limit A uptake and activate pro-
inflammatory cytokines as a “cry for help”. '”’. In a later study, the researchers showed that the variant
known as A2bp-CHRFAM7A acted as a null allele. This was demonstrated by the fact that cells expressing
this variant displayed similar levels of channel open probability (after agonist and PNU administration)

than non-carrier cells, and a high uptake of A ',

The observations in microglia revealed slightly divergent responses. While A uptake remained lower
in CHRFAM?7A-carrying cells compared to non-carriers, MLA had no effect on the former but increased
uptake in the latter. Szigeti et al proposed that in non-carrier cells, blocking a-nAChR signaling hinders the
a-nAChR-mediated anti-inflammatory signaling, leading to inflammation and activation of microglia.
However, in CHRFAM7A-carrying cells, the effect of MLA was insignificant because the normal a-
nAChR-mediated anti-inflammatory signaling may have been disrupted. The CHRFAM?7A-carrying cells
did in fact exhibit higher baseline levels of NF-kB-dependent pro-inflammatory cytokines and a stronger
immune response to AP exposure than non-carriers, where the response only occurred at high A
concentrations. In light of these results, the researchers postulated that dupa7 in these cells interacts with
the a7-nAChR anti-inflammatory pathway, augmenting immune responsiveness, which could potentially

be an advantageous mechanism in AD pathology. '*’.

It is noteworthy that cholinergic targeting treatment with AChEI (donepezil, rivastigmine) and
encenicline (a selective a7 agonist) showed beneficial effects on AB-induced toxicity in cells without a
direct allele of CHRFAM?7A4, including cells lacking the human subunit and cells with the A2bp variant. In
such cells, the AChEI and encenicline treatment reduces A uptake, cytotoxicity, protease activity, and
apoptosis, while there is no significant difference observed in cells carrying the direct CHRFAM7A allele.
This, in conjunction with previously cited clinical data, suggest that individuals who do not carry the direct
form of CHRFAM7A (accounting for approximately 25% of the population) could derive significant
benefits from AChEI drugs for AD ',
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The study model

3.1. Induced pluripotent stem cells (iPSCs) and iPSCs-derived neurons

The discovery of induced pluripotent stem cells (iPSCs) has been a remarkable breakthrough that has
revolutionized the possibilities of modeling human diseases. By reprogramming somatic cells from human
individuals and patients into iPSCs, and subsequently guiding their differentiation into specific cell types,
we now have the means to construct accurate models of human disorders. Moreover, thanks to our deep
understanding of the development of the nervous system, it is now possible to differentiate in-vitro iPSCs
into neurons in culture. This new approach offers exciting possibilities for better modeling human neuronal

disorders and paves the way for personalized medicine.

3.1.1. Stem cells
3.1.1.1. Definition and classification

Stem cells are characterized by two fundamental features: their ability to self-renew and their capacity
to differentiate into any type of cell within the organism, under appropriate conditions. Stem cells exhibit
the highest degree of "potency," as they can differentiate into both embryonic and extraembryonic tissues.
During development, as cells become more specialized, their potency capacity is gradually reduced, a

process referred to as differentiation (Reviewed in '*®

). Conrad Waddington introduced the "epigenetic
landscape model" as a metaphor to explain cell differentiation during early development '*°. According to
this model, a ball rolling down an inclined plane illustrates the natural progression of cell development. The
top of the hill represents the cell with the highest potency capacity (stem cell), while the bottom of the hill
shows several possible alternative mature cell states (Figure 21). However, recent advancements in the field
have demonstrated that cell differentiation is not always unidirectional, and development from the bottom
to the top (reprogramming) is also possible. In fact, Shinya Yamanaka's discovery of iPSCs in 2006
revolutionized the field of stem cells by demonstrating that cell differentiation is not an irreversible

mechanism and that mature cells can be reprogrammed into a high-potency state *°. Additionally, some

cell lineages can undergo a direct transition from one mature fate to another, known as trans-differentiation.
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Figure 21. The Waddington epigenetic

B Pluripotent landscape model.
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choices that cells wundergo during
development. The x-axis refers to cell phenotype, the y-axis represents the order of development, and the
z-axis represents time. Waddington proposed that the presence or absence of particular genes is what
determines a cell's path at a branching point. The model also shows that development potential is gradually
restricted over time, leading towards stable, terminal cell fates. b. The current adaptation of Waddington’s

model includes new discoveries including cell reprogramming and trans-differentiation. Illustrations from

199,201

As described in Waddington’s metaphor, during development, cells undergo a reduction in potency as
they differentiate into specific cell types. Stem cells can be classified in several levels of potency, including
totipotency, pluripotency, multipotency, oligopotency, and unipotency, each characterized by the range of
cell types they can produce. Totipotent cells can differentiate into all cell types, including those in
embryonic and extra-embryonic tissues. Pluripotent stem cells (PSC) can differentiate into all three
embryonic germ layers, but not extra-embryonic tissues (further described in the following section).
Multipotent cells give rise to multiple cell types within a specific lineage, while oligopotent cells have a
more limited differentiation potential, producing only a few cell types within a lineage. Lastly, unipotent
cells can only differentiate into a single cell type but can divide repeatedly. Dermatocytes, for example, are

unipotent cells that produce only one type of cell while keeping its dividing capacity (reviewed in '®).

3.1.1.2. Origin

3.1.1.2.1. Early embryogenesis and embryonic stem cells

Embryonic development starts with fertilization, a process in which a spermatozoid fuses with an egg
in the fallopian tubes to form the zygote. In humans, early embryogenesis occurs during the first week of
pregnancy. During that time, the zygote goes through several steps of maturation while traveling through
the fallopian tubes until it reaches the uterus, where it implants around the 5th day of pregnancy (Figure

22).
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Figure 22. Early embryonic development.

During early embryogenesis, the zygote undergoes multiple cell divisions to form a spherical structure
called a morula. This further divides into a blastocyst consisting of an outer layer of cells called the
trophoblast and an inner cell mass. The inner cell mass, also called embryoblast contains embryonic stem
cells and gives rise to all the embryonic structures and organs. The blastocyst makes contact with the uterus,
triggering polarization pushing the inner cell mass towards one pole, letting space to form a cavity. The
embryoblast continues to develop and forms two organized layers, the epiblast and hypoblast, that further
develops into a flattened structure known as the bilaminar plate. While the hypoblast contributes to the
formation of extra-embryonic structures, the epiblast eventually give rise to all the embryonic structures

and organs. Done with Biorender.

Embryonic stem cells (ESCs) are pluripotent cells obtained from the inner mass of a blastocyst. In 1981,
Evans and Kaufman successfully derived ESCs and established a stable cell line from mouse blastocysts
202 The first successful derivation of human ESCs and production of a stable line was achieved in 1998 2%
Since then, researchers have generated over a hundred different lines of human ESCs. However, the
generation of these cell lines involves the use and destruction of embryos, which raises ethical concerns
and has sparked political debates. To address this issue, one approach is to isolate single cells at earlier
stages of development, such as the 8-cell or morula stage, which does not destruct the embryo **.
Nonetheless, the groundbreaking discovery by Takahashi and colleagues has significantly reduced the need

for using human ESCs.

3.1.1.3. Adult stem cells

Adult stem cells, also known as somatic or tissue stem cells, are a crucial but minority population of
cells responsible for maintaining tissue homeostasis and repair after injury. Adult stem cells are typically
found in specialized niches that provide a supportive microenvironment essential to maintain their dividing

capacity. Examples of well-studied adult stem cells include those found in blood, skin, intestine, and muscle
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tissue. Although stem cells can be found to a lesser extent in the brain, two neurogenic niches have been
identified in rodents: the subgranular zone of the dentate gyrus in the hippocampus and the subventricular
zone (SVZ) of the lateral ventricles 2> ", The existence of adult neurogenesis in humans has been a subject

of controversy in the past decade, but recent evidence supports its occurrence (reviewed in 2%).

The regenerative capabilities of stem cells have generated considerable interest in the field of
regenerative medicine. For instance, a good illustration of the potential of stem cells in regenerative
medicine is skin stem cell therapy, which has demonstrated success in treating burn injuries using
multipotent mesenchymal cells derived from the debrided burned tissue to improve wound healing .
However, one significant limitation of stem cells’ use in clinical therapies is their inherent tendency to form
tumors. Nonetheless, the study of the cellular mechanisms that stem cells use to fine control their

proliferation in physiological conditions has been a valuable source of knowledge in cancer research 2'°.

3.1.14. Induced pluripotent stem cells

In the early 1960s, the linear view of cell development proposed in the Waddington’s model was
challenged. Pioneering experiments demonstrated that transferring the nucleus of a somatic cell into an
enucleated egg could generate a genetically identical embryo, or clone. Although initial experiments were

done in frogs *''*!2

, they quickly escalated to mammals, leading to the cloning of the world-famous sheep,
“Dolly” 2"*. These experiments proved that a tissue cell at the bottom of the Waddington’s stope could be

converted back to the top under the right conditions.

Inspired by these discoveries, Yamanaka and colleagues hypothesized that modulators of gene
expression, such as transcription factors, could hold the key to inducing pluripotency in differentiated cells.
This was based on the knowledge that, while all cells in our body share the same genomic information, it
is the expression or silencing of this information through epigenetic modifications that give them their
specific phenotypes. With this in mind, they set out to identify the specific factors that would be necessary
for inducing pluripotency in somatic cells. In 2006, the team proved that inducing PSCs from tissue cells
was possible, revolutionizing the field of stem cells. The administration with retroviruses of the four
transcription factors, Oct4, Sox2, KlIf4, and c-Myc, was enough to induce cells like fibroblasts into what
they named iPSCs . This discovery drastically impacted the field, eliminating the ethically challenging
need for ESC.
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3.1.2. Neuronal differentiation

The intricate mechanisms and signaling pathways involved in embryonic neurodevelopment can be
imitated in vitro to promote neuronal differentiation. This chapter will explore the process of

neurodevelopment and explain the methods used to induce neuronal differentiation in vitro.

3.1.2.1. Early neurodevelopment

Neurodevelopment is a complex process that begins during the third week of human gestation. Before
this, two critical steps take place: the formation of the blastocyst and gastrulation. The blastocyst is formed
during the first week of development, and it consists of two layers: the outer layer called the trophoblast,
and the inner cell mass, which will give rise to the embryo. By the end of the first week of development,
the inner cell mass is organized into two layers: the epiblast and hypoblast. During the second week of
gestation in humans and by embryonic day (E) 6.5 in mouse, gastrulation occurs. This process involves the
invagination of the epiblast along the primary streak, giving rise to the three germ layers: the endoderm,

mesoderm, and ectoderm 2'°.

During the third week of human gestation, the process of neurodevelopment begins with the induction
of the ectoderm to form the neuroectoderm. This is followed by neurulation, which leads to the formation
of the neural tube. Neural induction and neural tube formation in mouse embryos occurs between embryonic

day E6.5 and E8.5 *'7 (Figure 24).
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Figure 24. Early neural development.
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Subsequently, the neural plate undergoes a

process called neurulation where it
progressively folds in on itself, forming the neural tube. The neural tube is the primitive structure that

subsequently develops into both the spinal cord and the brain *'%,

During the fourth week of gestation in humans, the neuronal tube undergoes regionalization. This
process is regulated by neighboring structures such as the notochord and the ectoderm, which secrete
signaling molecules including Sonic hedgehog (Shh), Bone morphogenetic proteins (BMP), Fibroblast
growth factors (FGF), Wingless/integrated (Wnt) and retinoic acid (RA). These molecules create
concentration gradients along the embryonic axis, which guide the differentiation of the neural tube (Figure
25).

Figure 25. Signaling gradients establish the

Caudal

dorsoventral and rostrocaudal axis.
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eve signaling between ventralizing factors like Shh, which is

produced in the notochord and ventral part of the neural
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Notochord

signaling (caudal) and the BMP antagonist Noggin
(rostral). In addition, Shh not only has antagonist interactions with BMP but also with Wnt. The
combination of gradients obtained from the interplay between these signaling molecules will define the

regionalization of the different structures of the CNS 2'°.
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Several steps of regionalization conclude with the formation of the different structures of the CNS.

While the anterior portion of the neural tube eventually forms the cerebral hemispheres, the posterior

portion forms the spinal cord (Figure 26).
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with the forebrain dividing into the
telencephalon and the diencephalon, the hindbrain dividing into the metencephalon and myelencephalon,
while the mesencephalon remains unchanged. These five vesicles are responsible for the formation of all

the brain areas of an adult brain.

During this growing phase of development, the neural tube consists of a single layer of
neuroepithelial cells, which are bordered by the meninges on the outer side and contain the ventricle cavity
on the inner side. In the telencephalon, the ventricle is referred to as the lateral ventricle. Neural stem cells
(NSCs), also known as neuroepithelial cells, actively proliferate during this phase *°. As development
progresses, NSCs gradually develop long processes on both sides of the cell body, which give them a radial
shape and are known as radial glial cells. These cells are multipotent and can undergo symmetric division
to expand the NSC pool or asymmetric division to generate neuronal progenitors **'. The wall of the
ventricle, where this process happens, is called the SVZ #*2. These newly formed neurons subsequently

migrate from the SVZ towards the outer part of the neural tube, forming the different cerebral layers.
Notably, excitatory and inhibitory cells originate from distinct regions of the SVZ. Excitatory cells

are formed in the dorsal wall, whereas interneurons are generated in the ventral part of the SVZ, specifically

in an area referred to as the ganglionic eminences (Figure 27).
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Figure 27. Expression of neurodevelopmental
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Due to their distinct locations, excitatory and inhibitory cells have different migration routes to reach
their final destination in the cortex. Excitatory cells migrate from the SVZ directly towards the outer part
of the neural tube following radial glial cells, as previously reviewed ***. On the other hand, inhibitory cells
undergo tangential migration over longer distances before reaching the cortex, where they refine their local

position and integrate into neural circuits (reviewed in %),

3.1.2.1.1. Neuronal differentiation in-vitro

In-vitro neuronal differentiation aims to mimic neurodevelopment during embryonic days by exposing
iPSCs to small molecules similar to those secreted during the neurogenic process.

The first step in this process is neuronal induction, which interestingly occurs by default in iPSCs,
without the need for additional signaling molecules 2*°. Nevertheless, inhibiting the SMAD signaling
pathway downstream of BMP and TGFP has been shown to increase the efficiency of neuronal

differentiation **’ (Figure 28).
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In the case of inhibitory neurons, a second step of differentiation is needed. As previously explained,
excitatory cells are originated in the dorsal part of the telencephalon, the differentiation of which, happens
also by default . However, interneurons have their origin in the ventral telencephalon. Therefore,
differentiation of these cells in vitro requires ventralisation of the neuroectoderm achieved by Shh
stimulation, either alone or in combination with Wnt signaling inhibition 2'*2!*. Further subclassification
of interneuron types can be accomplished by exposing the cells to varying concentrations and durations of

Shh, corresponding to the levels present in the ganglionic eminences, where the interneurons originate **°.

3.1.3. The use of hiPSC-derived neurons in AD in-vitro modeling

The use of stem cells to model an adult neurodegenerative disease may seem counter-intuitive, since
age is a key factor in the disease, and these cells represent embryonic stages of development. Nevertheless,
experiments have demonstrated that iPSCs-derived neurons from AD patients can reproduce most of the
disease phenotypes **>***. Since the establishment of efficient protocols of neuronal differentiation, a
significant amount of research has been conducted using iPSC derived from both EOAD and LOAD
patients. One advantage of using these young cells is the possibility to access early stages of the disease not

accessible in patients.
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The first studies using this technology focused on replicating previous research conducted on animal
models by using familiar AD (or EOAD) mutations. iPSC-derived neurons carrying AD causative
mutations in APP or PSEN, successfully reproduce AD phenotype in-vitro. Hallmarks like AP production,
Tau phosphorylation and oxidative stress were reported in these models (reviewed in **°). With the use of
iPSC-derived neurons, researchers have been able to model not only EOAD but also LOAD. In-vitro
cultures of neurons derived from patients with LOAD exhibit AD-associated traits, although the effects
reported were more variable compared to those observed in EOAD-derived cells 2%*’. Additionally, the
use of iPSC-derived neurons has enabled the study of the contribution of genetic risk factors in the disease,
one of the most well-characterized being ApoE4. As anticipated, ApoE4-carrying neurons produce
heightened levels of AP and tau phosphorylation***2*°_ Intriguingly, a study revealed selective degeneration

of ApoE4-GABAergic interneurons in comparison to glutamatergic or dopaminergic cells **°.

Although the use of iPSC-derived neuronal models holds great promise for studying AD, it is important
to note that the interpretation of results can be challenging due to the multifactorial nature of sporadic AD
and the inter-individual variability of hiPSCs. For example, when studying the effect of a particular risk
factor gene, other genes may interact and confound the effect of the gene of interest. To overcome this
issue, isogenic controls using technologies like CRISPR-Cas9 or viral-mediated overexpression are
frequently used. This strategy eliminates the influence of confounding factors, making it possible to obtain
more accurate comparisons between experimental groups. Another limitation of hiPSC-derived neuronal
cultures is their lack of interaction with other brain cell types such as microglia and astrocytes, which play
significant roles in the development of the disease. To address this limitation, co-cultures with multiple cell
types and 3D organoid cultures are being developed, which have shown promising results in reproducing

241 Nevertheless, these in-vitro

AD phenotypes that 2D cultures could not retrieve, such as A} aggregation
models lack the complete connectivity of in-vivo circuitries and are limited in time. To overcome these
limitations, chimeric models offer an alternative approach. In this method, hiPSC-derived neuronal
progenitors can be transplanted into the brains of animal models, enabling the study of cell’s behavior in-

vivo, within a more physiological environment (discussed in the following chapter) (reviewed in **?).

3.1.4. Xenografting of hiPSC derived neurons

The field of in vivo modeling of human neurodegenerative diseases is experiencing a rapid growth.
Transplanting human cells into animal brains provides a unique opportunity to study these diseases over
extended periods of time, as cells benefit from a more physiological environment. In addition, parameters

such as neuronal activity, network connectivity and integration within the host can be studied. Studies using
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xenotransplantation of human-derived neurons are presented in Results: Book chapter. Despite the success
of grafting experiments, a significant limitation of this model is the occurrence of immune rejection. As a

result, immunocompromised hosts are often required to prevent rejection of the transplanted cells.

3.14.1. Introduction

Human neuronal progenitors have been successfully transplanted into mouse brains, resulting in well-
integrated and functional grafts 2*****. Neuronal progenitors can be transplanted both in the neonatal as well
as adult brains. While the first one allows the cells to integrate into a less complex and more plastic host

circuitry, the second allows the transplantation in a more specific and localized region of the brain.

3.1.4.1.1. Xenotransplantation in neonates

Transplants in the neonatal brain directly in the cortex have been shown to remain relatively confined
within the injection site but to project to various cortical regions such as the hippocampus, striatum,
hypothalamus and thalamus ***2*, Espuny-Camacho and colleagues demonstrated that cells project to
different cortical structures according to their cortical identity. Under their experimental conditions, human
cells projecting to the thalamus were mainly of layer VI identity, as shown by TBR1 labeling, while human

neurons projecting to the midbrain were mostly CTIP2 positive, a typical layer V marker **.

An alternative method of transplanting cells in the neonatal brain involves injecting cells in the lateral
ventricles, which allows them to contact with the ventricle walls, where the generation of neurons occurs
during development, and then migrate towards the cortical layers. Studies have shown that cells
transplanted using this method can follow radial migration along radial glial processes still present in the
neonatal brain. However, these cells are only partially localized in cortical layers according to their identity,
with CTIP2 cells primarily located in L5/L6 and some in layer 2/3, while Cux1 cells, a marker of superficial
layers, exclusively migrate to layer 2/3 2*. Other similar experiments have demonstrated that after
transplanting neuronal projections in the lateral ventricles, cells can be observed initially in the walls of the
lateral ventricles, with subsequent migration from the ventricular zone and through the rostral migratory

system, eventually reaching the olfactory bulbs 2%,

Both transplantation methods showed an increase in the maturation of human neurons over time. This
is evidenced by more mature electrophysiological properties characteristics and increased dendritic
complexity, spine formation and spine maturation 2****32*_ Linaro and collegues et all. demonstrated that

these cells also functionally integrate into the host tissue. In vivo experiments showed that the transplanted
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cells responded to visual stimulation by firing in response to sensory inputs from host neurons that process
visual stimuli. This indicates that the transplanted cells can not only survive but also contribute to the

functional activity of the host brain 2%,

3.1.4.1.2. Xenotransplantation in adults

The human brain is a complex and organized structure. While one might assume that it would be
difficult for new cells to integrate into this structure and form functional connections, adult neurogenesis is
a natural process that occurs in the brain. This process demonstrates that the brain has the plasticity to
integrate new cells even after development has been completed. In that direction, studies have successfully

demonstrated the efficient integration of transplanted human cells into the adult brain's circuitry 2%,

This technique has shown great promise in studying a variety of neurological disorders such as
Parkinson's disease, Epilepsy, Down syndrome, and Autistic spectrum disorder ***2, Transplantation of
GABAergic cells has become particularly popular for this type of procedure because the loss of inhibition
is a major contributor to neurological disorders. Moreover, GABAergic cells show excellent integration
and migration capacities . For example, in a mouse model of temporal lobe epilepsy, transplantation of
hiPSC-derived MGE-like interneuron precursor cells into the hippocampus was found to decrease seizures

and improve cognitive functions, memory, and mood 248

3.14.2. Graft rejection and tolerance induction

Traditionally, the brain was believed to be immune-privileged, but recent research has shown that the
CNS is not isolated from the immune system. First, activated T lymphocytes have been shown to be able
to penetrate the BBB and infiltrate the brain, and second, brain glial cells have similar capacities to immune
cells of the periphery. In addition, when neuronal progenitors are transplanted into the brain of

immunocompetent mice, the graft is rejected >,

Alternative methods to maintain the cells in the brain and avoid rejection have been explored. One such
method is the use of immunosuppressants like Cyclosporine A. Although grafts in these mice survive, the
administration of this drug significantly damages the host's health *°. Another approach is to use
immunosuppressed mice, such as the NOD-SCID transgenic line, lacking lymphocytes B and T, NK, and
having immature macrophages ¥2**43272% However, these mice are highly sensitive to infections, and

like animals treated with immunosuppressants, their lifespan is short.
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A third alternative is the induction of immune tolerance, which involves exposing the donor cells to the
host before the host’s immune system is fully developed. Unfortunately, when hiPSC-derived NPCs were
transplanted in the neonatal brain, they did not achieve tolerance and it resulted in graft rejection **°.
Although the immune system is not fully developed in the neonatal stages, it might be too late for the body
to achieve immunotolerance. Our new model of xenotransplantation in immune-competent mice by

targeting embryonic stages of brain development is exposed in Results: Article 2.

3.1.4.3. Stem cell transplantation to model AD

In the context of AD, the transplantation of hiPSC-derived neurons has only been used in a few
pioneering studies. In 2017, Espuny-Camacho and colleagues described the first model of AD using this
technique. After transplanting the human-derived neurons in a mouse model of AD, the authors found that
human cells were more susceptible to the disease than their mouse counterparts. Specifically, the human
cells showed more diffused AP plaques, higher levels of neurite dystrophy, and Tau hyperphosphorylation.
Furthermore, this model successfully replicated neurodegeneration of these human cells, one of the AD

hallmarks that has been missing in previous in vivo models of AD ¥.

In a more recent study, hiPSC-derived astrocytes were transplanted into a mouse model of AD, and the
results showed that these astrocytes could change their morphology to an activated state in response to the
presence of amyloid plaques in the host tissue. >’ Additionally, another group of researchers have
demonstrated that intranasally transplanted hiPSC-derived NPCs can ameliorate both AD pathological
hallmarks and rescue cognitive deficits in a mouse model of AD. The administration and integration of
these cells in the brain reduced AB-amyloid accumulation, neuroinflammation, and synaptic loss, while

simultaneously improving BBB integrity and cholinergic dysfunction >,
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AD is recognized as one of the greatest medical care challenges of our century. Although
encouraging new therapies have been discovered in recent years, a curative treatment for AD is yet to be
found. One of the major systems affected in AD is the cholinergic system, characterized by a reduction of
acetylcholine in the brain. However, drugs aimed at increasing ACh levels have shown only partial and
non-lasting effects. Furthermore, the interaction between AP and nicotinic acetylcholine receptors, such as
the a7-nAChR, plays a crucial role in AD pathology. AP can directly bind to a7-nAChR, inhibiting its
function. Researchers have attempted to target this interaction using agonists and PAMs. However, a
translational gap has emerged, potentially due to the absence of the human-specific gene CHRFAM74 in
animal models. CHRFAM?7A, present in copy number variations in the population, has been associated with

AD. Additionally, the presence or absence of this gene affects individual responses to AChE inhibitors.

The objective of this thesis was to develop an in-vivo model to study the CHRFAM7A gene and its
interaction with a7-nAChR and AB. Due to the ambitious nature of this project, it was divided into two
axes. The first axis involves conducting an in-vitro study of AP interaction in hiPSC-derived interneurons,
expressing or not the human CHRFAM7A gene product (dupa7 subunit). Interneurons are a relevant cell
type to study this interaction as they express high levels of nAChRs. In addition, Ap exposure induces
hyperactivity of these cells in-vivo (submitted manuscript, in revision). By studying the responses of hiPSC-
derived interneurons to A in-vitro, valuable insights into the role of CHRFAM?7A4 in AD pathology can be

obtained.

To achieve the in-vitro study, an initial plan was to use a control hiPSC line with two copies of
CHRFAM7A, and to establish a knockout strategy to eliminate the gene and create an isogenic control.
However, upon characterizing the genetic dosage of CHRFAM7A in the available hiPSC line, we
unexpectedly found that the gene was naturally missing in this individual. Consequently, new hiPSC lines
were ordered, but their delayed delivery resulted in a one-year setback. To overcome this challenge, an
alternative strategy involving the induction of CHRFAM7A expression using a lentiviral vector was
developed. The infected hiPSCs were cloned, and a protocol for interneuron differentiation was established.
Another challenge arose from the unavailability of specific antibodies for labeling the human receptor. As
a result, the analysis based on protein expression were limited to the a7 subunit. Due to these challenges,
the experiments conducted in the in-vitro phase of this project require further complementary studies to
strengthen our current data.

To address the limitations of the in-vitro study, which lacked a physiological environment with
natural ligands of nicotinic receptors, endogenous processing of AB species and interneuron communication

with other cell types, a complementary model was developed. The second axis of this thesis focuses on the
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development of an in-vivo model to study the CHRFAM?7A gene. For this purpose, a xenotransplantation
model was developed using hiPSC-derived NPCs transplanted into the brains of immune-competent mice
at earlier stages of development (in utero). Previous laboratory studies have relied on the
xenotransplantation of human neurons into the brains of immunocompromised mice, and at the neonatal
stage. However, the use of immunocompromised mice may not be well suited for the study of aging
disorders. In one hand, these mice models are fragile and have shorter life spans, limiting the experimental
timeline. In the other hand, the study of the xenotransplant cells in an AD context, would require crossing
of immunocompromised strains and AD mouse models. Therefore, exploring the transplantation of NPCs

at earlier developmental stages in immune-competent mice became a promising alternative.

In this study, two sites of injection were tested: local transplantation in the prefrontal cortex (PFC),
enabling direct exposure to the cortical environment, and transplantation in the lateral ventricles, which
allowed exposure to the SVZ germinal layer. By examining these different environments, the aim was to
investigate whether variations in the microenvironment could slightly alter the maturity stage of the
transplanted human cells, thereby exploring the interplay between intrinsic and extrinsic determinants of
cell development. To expedite the initiation of this project, NPCs labeled with GFP, which were developed
by a former PhD student in the lab, were directly used. This allowed for a head start in the experimental

process and facilitated the smooth progression of the project and its publication.

Due to the challenges posed by the COVID-19 crisis and the technical obstacles encountered, the
project advanced at a slower pace, and regrettably, the in-vivo study of CHRFAM7A could not be
accomplished within the designated timeframe of this thesis. Nonetheless, the research described in the
following chapter has yielded significant insights. The in-vitro experiments have provided valuable data on
the interaction between AP and nAChRs, shedding light on the role of CHRFAM7A in AD pathology.
Additionally, the establishment of the xenotransplantation model using human iPSC-derived NPCs
represents a notable achievement. Encouragingly, the initial preliminary transplantations of interneurons

in-utero have shown promising results.
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Summary of the objectives, techniques and results

Article 1 (in preparation)
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Article 2: Developmental Changes of Human Neural Progenitor Cells Grafted into the Ventricular
System and Prefrontal Cortex of Mouse Brain in Utero.

;FP — Human Neural
Precursor Cells (hnNPCs)

1 MPT vs 3 MPT (LV) LV vs PFC (3MPT) i . i
» Widespread integration
A\ and migration of hNPCs

\ in mouse brain
’ » hNPCs differentiate into
glutamatergic neurons
» Effect of local
environment on

Immunocompetent ‘pge neuronal maturation
mice (E17.5) (PFC > LV)

Objective: Investigate the development, migration, maturation, and integration of human NPCs (hNPCs)

after transplantation into the embryonic brains of immunocompetent mice

Methodology: was examined both in vitro and in vivo by assessing the expression of development markers
through RT-qPCR and immunolabeling. The migration and integration of hNPCs were investigated by
mapping their cell somas and neuronal projections at 1- and 3-month post transplantation (MPT).
Additionally, spinogenesis was analyzed in the LV and PFC transplantation models at 1 and 3 MPT to
evaluate the maturity of the grafts and their integration within the neural network. The potential for graft
rejection and the viability of human NPCs were assessed using immunolabeling techniques targeting ibal+

cells and caspase 3.

Main results: Under our experimental conditions, hNPCs differentiated into young glutamatergic neurons
both in-vitro and in-vivo. Following transplantation, LV-injected cells migrated and populated cortical
structures, expanding their reach to more distant regions after 3 MPT. The maturation and integration of
hNPCs varied depending on the transplantation method. Both PFC and LV transplants exhibited increased
maturity and spine numbers from 1 MPT to 3 MPT. At 3 MPT, PFC transplants displayed a higher density
of spines, although the morphology appeared slightly less mature compared to LV transplants. Notably,
microglia recruitment was detected at the grafting site, particularly in PFC transplants, but no signs of graft

rejection or cell death were observed.
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Book chapter: Humanized Chimeric Mouse Models to Study Human Neural Development and

Pathogenesis of Brain Diseases

This chapter provides an insightful review of various transplantation techniques employed in the laboratory
to model neurodevelopment and neurological disorders in the mouse brain. Specifically, the focus is on the
transplantation of human neural progenitor cells (NPCs) at different stages of host development, including
embryonic, neonatal, and adult stages. Detailed protocols and methodologies for each transplantation
technique are described, offering a comprehensive resource for researchers interested in utilizing similar

transplantation methods.
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Abstract: The transplantation of neural progenitors into a host brain represents a useful tool to
evaluate the involvement of cell-autonomous processes and host local cues in the regulation of
neuronal differentiation during the development of the mammalian brain. Human brain development
starts at the embryonic stages, in utero, with unique properties at its neotenic stages. We analyzed the
engraftment and differentiation of human neuronal progenitor cells (hNPCs) transplanted in utero
into the mouse brain. The influence of the environment was studied by transplanting human NPCs
within the lateral ventricles (LV), compared with the prefrontal cortex (PFC) of immunocompetent
mice. We developed a semi-automated method to accurately quantify the number of cell bodies
and the distribution of neuronal projections among the different mouse brain structures, at 1 and
3 months post-transplantation (MPT). Our data show that human NPCs can differentiate between
immature “juvenile” neurons and more mature pyramidal cells in a reproducible manner. Depending
on the injection site, LV vs. PFC, specific fetal local environments could modify the synaptogenesis
processes while maintaining human neoteny. The use of immunocompetent mice as host species
allows us to investigate further neuropathological conditions making use of all of the engineered
mouse models already available.

Keywords: xenografting; in utero transplant; human stem cells; human-induced pluripotent stem

cells; chimeric mouse models; brain development; brain disorders

1. Introduction

Experimental models of the human brain are needed for a better understanding of its
development and the cellular and molecular dysfunctions that can occur during different
stages of neuronal development, leading to autistic disorder, Asperger’s disorder, childhood
disintegrative disorder, Rett’s disorder, and pervasive developmental disorder, and also
other brain disorders such as schizophrenia, dementia, and Parkinson’s disease. There has
been a significant progress in the field of human stem cells in recent years, with the main
objective of reproducing the landmarks of neuronal disorders in vivo and decipher the
altered underlying mechanisms in a context that resembles pathophysiological conditions.
The development of stem cell transplantation models using human-induced pluripotent
stem cells (hiPSCs) is also expected to offer new advances for regenerative medicine
purposes, with the possibility of using specifically the allogeneic sources of these cells to
produce autografts without the need for immunosuppression [1,2]. However, such clinical
translations are still premature and more difficult to explore and adapt for therapeutic
purposes. A large number of pre-clinical studies have already demonstrated the capacity
for neuronal transplants to integrate within rodent brains and respond to guiding molecules
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and signals, under in vivo conditions [3,4]. In addition, it has been shown that transplanted
pyramidal neurons derived from human embryonic stem cells can be specifically directed
toward their appropriate sites of differentiation and maturation [5,6]. So far, the neuronal
xenotransplants which have been obtained from hiPSCs include human neurospheres [7],
human neuronal progenitor cells (hNPCs) [8,9], purified hiPSC-derived neurons with
defined phenotypes [5,10], and, more recently, human brain organoids [11-13]. In parallel,
experimental conditions have been set up which allow the integration of xenotransplants
as single neurons within the mouse cortex where they can develop morphologically and
functionally with a prolonged maturation period similar to that of the human developing
brain [14]. Under such conditions, the transplanted neurons reach a more advanced
stage of dendritic spine maturation as compared to those reported previously [15,16].
Therefore, the host brain seems to provide a permissive environment and the adapted
cues for spinogenesis and synaptogenesis. In light of earlier reports, the transplantation
paradigm used in conditions which allow the transplanted neurons to integrate as single
cells represents a key determining factor during the final stages of the maturation and
connectivity of these neurons within the host brain.

A major obstacle facing the transplantation of hiPSC-derived cells is the observed
rejection of the grafts by the immune system of the host. Consequently, most transplan-
tation models consist of grafting human cells into the brain of immunodeficient animals.
The short-term immunosuppressive method allows for immunological tolerance with a
significant improvement in the integration of transplanted iPSCs [17]. However, to increase
the survival of transplanted cells, current methods are predominantly based on the use
of transgenic immunodeficient rodent models. The brain is thought to possess an “im-
munological privilege” with a relatively large degree of permissible mismatching between
the donor and the host [18-20]. In general, the main immune processes that occur during
graft rejection involve the natural immunity of the host, which corresponds to the immune
responses that naturally exist prior to transplantation. Some of these responses include
the production of antibodies by B1 and B lymphocytes, mainly during the first weeks of
life [21-23]. However, only the natural antibody of the IgG class can cross the barrier of
placenta to assure fetal immunity [22,24]. Since innate responses are necessary to trigger
the adaptative immune responses, some of the host immune responses cannot be fully
active at the late embryonic stage or even at the early neonatal stages [24].

In the present study, we described a human neuronal-chimeric mouse by transplanting
hNPCs into the brain of immunocompetent mice at the embryonic stage in utero. Our aim
was to develop a new approach which prevents graft rejection and avoids bias due to the
usage of immunodeficient mouse models. We specifically grafted NPCs within the mouse
lateral ventricles at an embryonic stage at which only a small number of lymphocytes
can infiltrate during brain development [25]. We used our previously characterized and
established hiPSC-derived NPCs [9-26] to study some of the key morphological parameters
at cellular levels at early stages of neuronal development. We showed that grafted neuronal
precursors in the ventricles move towards their target regions during the first months
following transplantation. When grafted into the embryonic neocortex at the same stage,
we observed that these precursors integrated directly in the cortical areas with a more
advanced maturation profile.

2. Materials and Methods
2.1. Study Design and Ethics Statement

All methods were carried out in accordance with relevant guidelines and regulations.
This protocol was approved by the Institut Pasteur Ethics Committee and the French
“Ministére de ’'Education Nationale, de la Recherche et de I'Innovation” under reference
APAFiS #25221. Pregnant Swiss OF1 mice (Charles River Laboratories) were habituated at
the animal facility for at least 3 days and surgeries were performed at the embryonic stage
of E17.5.
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2.2. Production of hiPSC and Their Derivation into hNPCs

The production of hiPSCs, their characterization, commitment to the neural lineage,
and derivation of stable NPCs were performed according to Boissart et al. [27]. For this
study, we used a control cell line from Coriell Biorepository (Coriell Institute for Medical
Research, Camden, NJ, USA), the GM04603 (https://www.coriell.org/Search?q=GM04603,
accessed on 25 January 2023) provided by Dr Alexandra Benchoua (I-Stem Institute, Evry)
together with the derived NPCs [27]. For the initial experiments, we used the WTSIi002-A
line (https:/ /cells.ebisc.org/WTSIi002-A/, accessed on 25 January 2023, Wellcome Trust,
UK)), as described in a previous study [28]. For the data presented here, we selected those
obtained with the GM04603 iPSC line which has been fully characterized in vitro and
in vivo in our previous studies [9,26,27].

The T25 flasks were coated under the flow hood with poly-ornithine (15 pg/mL in
sterile H,O). After an overnight exposure at 37 °C, the flasks were washed three times with
H;O. Then, the flasks were coated with laminin (1 mg/mL), diluted to 1/1000 in Advanced
DMEM F12 medium, and incubated for at least 4 h at 37 °C. The NPCs were then plated
at the density of 50,000 cells/ cm? in 5 mL of culture medium. The composition of the
culture medium is described in Table S1 and prepared as previously described [9]. After the
removal of the culture medium, fresh N2B27 medium containing 5 pL/mL of fresh laminin
solution was added to keep the neurons attached and to avoid clumping. The medium was

changed every 3 days. For the in vivo transplantation into the mouse embryos, we used
hNPCs derived from the GM04603.

2.3. Culture and Amplification of NPCs before Transplantation

The culture and amplification of NPCs were performed in sterile conditions. For
their labeling, NPCs were transduced with a CMV-GFP-lentiviral vector to obtain green
fluorescence, as described previously [9,29]. Lentiviral vectors were prepared according
to a published protocol [30]. The map of the CMV vector is detailed in Figure 1A. Briefly,
NPCs were thawed in T75 flasks at a density of 50,000 cells/ cm? in 25 mL of NPCs medium
supplemented with Rock Inhibitor Y27632 (10 uM). The NPCs were transduced with 99.5 ng
of lentivirus (p24) in a 6-well culture plate filled with 500 pL of fresh culture medium for
3 h. The volume was completed to 2 mL, incubated for the next 48 h, and then rinsed with
the culture medium. All media and products are described in Thiberge, Llach Pou et al. [31]
and are summarized in Table S1.

2.4. In Utero Transplantation of Mouse Embryos

Before their transplantation, the cells were kept in a water bath at 37 °C. The injection
solution also contained 20 mM EGTA to avoid cell aggregation upon transplantation [14,31,32].
The transplantation protocol has been previously detailed [31]. Briefly, 2 uL containing
2 x 10° cells were injected within 1 lateral ventricle or within 1 side of the PFC of E17.5
embryos. The injection within LV is depicted in Figure 2A and the injection within PFC was
described previously using mouse neonates (P0-P1) [8,9]. Thirty minutes before surgery,
buprenorphine (0.05 to 0.1 mg/kg) was injected subcutaneously at the back of the neck of
the pregnant mouse for initial analgesia. The pregnant mouse was then anesthetized with
isoflurane and oxygen and placed on a heating pad connected to the anesthesia unit. A
drop of ocryl gel was applied on each eye. The abdomen was shaved locally for ventral
laparotomy and lidocaine gel was applied locally before and after the laparotomy. A sterile
towel drape was positioned on the mouse abdomen. An incision of 1 to 1.5 cm was made
in the lower abdomen in a manner to cut both the skin and the thin fascia layer. The whole
uterus was carefully extracted from the abdomen. During surgery, drops of sterile PBS kept
at 37 °C were consistently applied on the exposed fetuses. The sharp glass pipette was
carefully inserted through the fetal skull, and cells were injected into each fetus, except the
first one to be delivered on each uterine horn (Video S1). After the injection, the pipette
was carefully withdrawn. Then, the uterus was reentered into the abdominal cavity. The
peritoneal cavity was rehydrated with 0.5 to 1 mL of sterile PBS to replace any fluid loss
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during the surgery. Then, the incision was closed with two types of sutures: for fascia
and skin, we used sterile resorbable sutures (ProleneTM, EH7471, Ethicon, LLC, Issy les
Moulineaux, France) and non-resorbable sutures (Coated Vicryl, V302, Ethicon, LLC),
respectively. After the surgery, the pregnant mouse was positioned on a warming pad
until the mouse was fully awake. Analgesia treatment (acetaminophen 4 mg/20 mL) was
administered in the drinking water for 3 to 5 days after the surgery. Hydrogel was also
given to the mice for one day after the surgery. We could observe that the presence of EGTA
significantly reduced the cell aggregation and increased the possibility of identifying single
cells within the mouse brain, as described previously [14].
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Figure 1. NPCs differentiate into immature cortical neurons in vitro. (A) Lentiviral construct express-
ing GFP used for NPCs labeling, adapted from [9]. (B) GFP is expressed in NPCs (left panel) and
30-day-old neurons (right panel). Scale bar = 100 pm. (C,D) NPCs express the neuronal progenitor
markers Ki67, SOX2, and Nestin at passage 28 (C). The plot (D) shows mRNA expression fold-change
as compared to human fetal brain. qPCR results were normalized to GAPDH and calculated with
the ACT method (data are from three independent cultures). (E) mRNA relative expression of dif-
ferentiation markers at NPCs and neuronal stage. Data are expressed as fold change to GAPDH
calculated with the ACT method (* p < 0.05; ** p < 0.002; *** p < 0.0002; **** p < 0.0001, unpaired ¢-test).
(F) Neurons do not express the astrocyte marker GFAP. Only a small proportion of cells remained
SOX2 positive after 30 days of differentiation. Scale bars = 100 pm.
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Figure 2. The in utero technique. (A) Illustration of the site of injection for Lateral Ventricle (LV)
surgery. (B) Pup survival as a function of the laparotomy technique (Bi) and litter size (Bii). Pup
survival is higher when the ventral laparotomy is performed on mice that have less than 14 em-
bryos. Each point of the boxplot corresponds to the survival percentage in one litter. (* = p < 0.05;
*** = p < 0.001, unpaired t-test). (C) Sagittal picture of a brain section at 1 MPT into LV taken with an
epifluorescence microscope. Cells are labeled with GFP. (D) Illustration of a graft within the PFC at
1 MPT taken with an epifluorescence macroscope. Scale bars = 2 mm.

2.5. Quantitative Real-Time PCR (qRT-PCR)

The total mRNA from NPCs and neuronal cultures was extracted with the RNeasy
Plus Mini Kit (ref. 74034, Qiagen). cDNA was generated using the High Capacity cDNA
Retro-Transcription Kit, according to the manufacturer’s instructions (Ref. 4368814, Ther-
moFisher). For mRNA expression level quantification, real-time PCR was performed on the
Applied Biosystems 7500 Real-Time PCR System. UDG activation (1 cycle, 2 min, 50 °C) and
polymerase activation (1 cycle, 10 min, 94 °C) were followed by 40 cycles of denaturation
(155, 95 °C) and anneal/extend (1 min, 60 °C). The PCR reactions contained 500 nM of
each primer, 0.5 X PowerUP SYBR Green Master Mix (2x) (A25742, Applied Biosystems),
and 20 ng of cDNA in a final volume of 10 uL. The primers were manually designed to
amplify mRNA only (at least one of the primer pairs spans the exon-to-exon junction).
The list of primers is presented in Table S2. The specificity of the primers was verified
with a melting curve and agarose gel electrophoresis of the PCR confirmed amplicon size.
The mRNA expression level was expressed as the fold change to the housekeeping gene
GAPDH (Figure 1E) using the 2-ACT method or normalized to GAPDH and compared to a
control condition using the 2-AMCT method (Figure 1D) [33].

2.6. Immunofluorescence (IF)

Immunofluorescence analysis on brain sections was performed at 1 and 3 MPT, ac-
cording to our previously described protocol with slight modifications [9,31]. Animals
received a lethal dose of a mixture of Ketamine (Imalgen®, 100 mg/kg, Merial) and Xy-
lazine (Rompun®, 10 mg/kg, Bayer), and were transcardially perfused with 15 mL of DPBS,
followed by 40 mL of ice-cold paraformaldehyde (PFA) (4%) in 0.1 M phosphate buffer
(pH 7.4). The brains were dissected and post-fixed overnight at 4 °C in 4% PFA. In total,
40 pm coronal sections were obtained using a microtome (Leica SM2010 R), collected in
12-well culture plates, and stored in DPBS + Azide (0.02%) at 4 °C until use. The free-
floating sections were rinsed twice in PBS (pH 7.4) and then incubated in a DPBS solution
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containing 0.2% Triton X-100 and 10% goat or horse serum at room temperature (RT) for
30 min to block nonspecific binding. An extra step of blocking using MOM (Ready Probes
™ Mouse on Mouse IgG Blocking Solution (30x), R37621, Invitrogen) was added if a
mouse primary antibody was used. The primary antibodies, diluted in blocking solution,
were added overnight at 4 °C. The list of all antibodies and their dilutions is presented in
Table S3. An additional incubation with DAPI diluted in PBS was performed for 10 min at
room temperature [29].

2.7. Mapping and Semi-Quantification of Cell Bodies and Projections

Fluorescence images of whole brain slices were captured using a laser-scanning confo-
cal microscope (Axio Scan.Z1, Inverted LSM 700 from the Histology Platform at Institut
Pasteur). Three different tile images at 20 x magnification from three independent trans-
planted animals were taken per condition and analyzed by two distinct experimenters. To
overcome the limits of conventional manual counting of labeled cells, we implemented
a novel analysis pipeline allowing for the reconstruction of the expected shape of each
brain slice (Figure S1). This method reduces any bias in brain mapping that may result
from slight variations of slicing conditions along the anterior-posterior axis of the brain.
This pipeline allows the precise mapping of single neuron positions and projections by
automatically setting a grid of squares of ~500 pum?2. The Allen Brain Atlas was used as
a reference for the precise matching of experimental brain slices with the expected brain
cartography. A grid of squares was applied to each section and the cells were manually
counted. Semi-quantification of the cell bodies and projections was performed, and color
codes were applied. To avoid bias due to possible graft heterogeneity, we selected brains
with similar grafting for all quantifications.

2.8. Quantification of Dendritic Spines

We reported a protocol for the imaging of dendritic spines after immunofluores-
cence in a video journal [29]. Briefly, confocal images were acquired with a confocal
laser-scanning microscope (LSM 700, Zeiss) using a 40x oil NA = 1.3 objective, and a
488 nm laser for GFP excitation. A Z spacing of 200 nm was used for Z-stack acqui-
sitions. A semi-automatic tracing of dendrites and automated segmentation of spines
was performed using the Filament Tracer module of Imaris 9.5 software (Bitplane AG,
Ziirich). The spine categories were defined by their morphology as follows: Stubby:
length < 1 um; Mushroom: max-width-head > min-width-neck*2; Thin: length (spine) < 2
and mean-width-head > mean-width-neck; Filopodia-like: length < 4 um and >1 um, by
the MATLAB, version 2022a. Spines were quantified at a 20 pm distance from the soma [34].
The 3D images and videos (.mp#4 files) of spines were obtained from Z-stacks of confocal im-
ages and processed using the animation functions in Imaris software to zoom and navigate
around the dendrites and spines. For LV transplantation, we did not include hNPC-derived
neurons that were present in matter tracts or present in non-neuronal environments, but
quantified only those present in cortical areas.

2.9. Statistical Analysis

Statistical analyses were performed using GraphPad Prism Version 9 software (Graph-
Pad, San Diego, CA, USA) and are reported in each figure legend. Confidence levels of 95%
were used.

3. Results and Discussion
3.1. hNPCs Differentiate into a Homogeneous Population of Immature Neurons In Vitro

For this study, we used a well-characterized human iPSC line for which derived hNPCs
were GFP-labeled, as we described previously [9,26,29]. We did not exceed the number
of cell passages that could have altered the NPCs” amplification and proliferation [10].
We first checked that these cells could differentiate into a homogeneous population of
cortical neurons in vitro, as we have shown previously. Our data indicate that human
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NPCs and hNPC-derived neurons express similar levels of green fluorescence (GFP), with
a more mature shape after 30 days of in vitro differentiation (Figure 1A,B). The hNPCs
displayed positive immunoreactivity for the cortical radial glial markers SOX2 and Nestin,
and for the proliferation marker Ki67 (Figure 1C). The mRNA level of OCT4, a marker for
undifferentiated cells, was decreased when compared to the fetal brain, while Nestin mRNA
was increased (Figure 1D). Only a few cells expressed SOX2 in the cultures of 30-day-old
neurons (Figure 1F), indicating successful neuronal differentiation. Figure 1E presents
the comparative expression of differentiation (CTIP2, Oct 4, Pax 6, and Nestin), neuronal
(VGLUT1, VGAT, Tuj1, Cux1), and astrocytic (GFAP) markers in NPCs and neuron stages.
mRNA was measured by RT-qPCR and the levels were normalized to GADPH. The Nestin
mRNA levels decreased in the 30-day-old neurons, as compared to the NPCs, while those
for Oct 4 remained very low. The expression of CTIP2, the vesicular GABA transporter
(VGAT), TUJ1, GFAP, and, to a lesser extent, Cux1 were increased in neurons as compared
to NPCs (Figure 1E). CTIP2 is a transcription factor expressed in the cortical layers V-VI
neurons, which has also been linked to axonal growth and the establishment of the cellular
architecture of the striatum, in vivo [35,36]. VGAT, the vesicular GABA transporter, has
been shown to play a role in the embryonic development [37]. Although our protocol
provides a large majority of excitatory cells [27], we cannot exclude some VGAT expression
during the earlier stages of neuronal differentiation. In parallel, we did observe higher
levels of VGLUT1 mRNA as compared to VGAT, in NPCs and similar levels in neurons.
A slight increase in VGLUT1 mRNA was also found in neurons as compared to NPCs.
Tuj1 is a marker of neuronal lineage, expressed at early stages of maturation as well as in
mature neurons. This is in accordance with a slight increase in its expression in neurons, as
compared to NPCs. The GFAP mRNA levels were increased in neurons, but this increase
was not correlated to the increase in protein levels since no GFAP could be detected at
the same stage of neuronal maturation (Figure 1F). In accordance with Boissart et al. [27],
Cux1 mRNA was higher than CTIP2 mRNA in both conditions. As expected for more
mature neuronal cells, Pax6 and Nestin expressions were slightly decreased in the neurons
as compared to the NPCs.

3.2. In Utero Grafting of Human iPSC-Derived NPC into Embryonic Mouse Brain

The xenotransplantation of neural progenitors represents a very useful method to
study the contribution of the intrinsic mechanisms and their dynamic crosstalk with the
host factors that control and regulate cell migration and differentiation within the develop-
ing brain [38]. The regional determination of neural progenitors is an early event, which
is still ongoing at the stage of E17.5 [39]. During the course of this study, we first aimed
at demonstrating that human NPCs could integrate, differentiate, and migrate after their
transplantation into the E17.5 mouse brain, in utero. For that purpose, we used experi-
mental conditions which allow the human precursors to integrate as single cells, which
will, in turn, result in a coordinated morphological and physiological development of their
dendritic spines similarly to our previously reported observations in neonatal xenotrans-
plantations [14]. In order to target the earlier stages of development, we set up a technique
which allows for the in utero transplantation of NPCs into the LV and PFC embryonic
regions. We first compared the percentage of pups’ survival between lateral and ventral
laparotomy and observed that ventral laparotomy was the most adapted method, at least
in the case of large litters, such as those expected with Swiss OF1 mice (Figure 2Bi). The
percentage of pups’ survival was also significantly increased when the litter did not exceed
14 pups (Figure 2Bii). Figure 2C illustrates that a large number of cells can survive and
integrate into the periventricular areas, as well as the whole ventricular system, including
the third ventricle, when grafted into the LV, as shown at 1 MPT (left panel). Figure 2D also
shows a direct view of an in utero transplant within the PFC, as shown at 1 MPT (right
panel). The scanned cortical transplant can be observed directly within the transplanted
hemisphere. This would allow the exclusion or rejection of any abnormal transplant before
further analysis. Regardless of the mechanisms that may be involved locally, these initial
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observations indicate that progenitor cells are able to survive and integrate within distinct
brain regions.

3.3. Achievement of a Stable Cell Engraftment Using Immunocompetent Mice and Maturation
Pattern of Axonal Projections up to 3 MPT

According to our differentiation protocol, we expect hNPCs to differentiate mainly
into glutamatergic pyramidal excitatory neurons, morphologically characterized in vivo by
a conical “tear-shaped” soma, an apical dendrite, and basal spiny dendrites. Pyramidal
neurons can extend their axon at long distances from the cell body. It has recently been
shown that axons can also originate from dendrites in mammals and in humans to a
lesser extent [39]. Under our experimental conditions, we could not detect any axon
arising from dendrites. Detailed mapping of somas and axonal projections originating
from ventricular transplants are depicted in Figures 3 and 4. hNPCs were transplanted
in utero within the mouse LVs. The distributions of cells and their projections were
quantified independently by two (somas) and three (projections) observers, as described in
the experimental procedures section. The integration of GFP-labeled cells, their survival,
maturation, and phenotypic fate over time was followed up to 3 MPT. The transplants
did not increase the brain surface, nor did they remain confined within the LV. We could
easily identify GFP+ neurons within different mouse brain regions with a typical pyramidal
morphology (Video S2; Figure 4). The semi-quantitative analysis at 1 MPT and 3 MPT
indicates the presence of variable densities of GFP+ projections within distinct brain areas.
Many GFP+ projections were detected within the brain structures close to the external walls
of the lateral and third ventricles. As we were able to observe at different levels of the host
brain, the GFP+ projections reached their highest densities in the corpus callosum, septum,
caudate putamen, hippocampus, and thalamic nuclei. The projections were distributed
both ipsi- and contralaterally to the same extent at 3 MPT (Figure 3). These findings are
in accordance with those reported previously after in utero grafting of mouse neurons
into the embryonic rat brain [40]. The two hemispheres are connected by commissural
fiber systems, including the corpus callosum and hippocampal commissures, which were
enriched in axonal projections (Figure 3). The two LVs are separated from each other by
a thin vertical sheet [41] but they communicate with the third LV in which projections
were also found (Figure 3). Perpendicular projections could also be detected between the
ventricular wall dorsal to the CA1 hippocampal brain region of the host. GFP+ projections
were also detected to a lesser extent in the cortex and the subcortical areas, including the
hippocampus and thalamus (Figure 3). The pattern of projections was slightly different
from that we previously observed under ventricular transplantation in neonates [9]. More
precisely, we did not observe any visible axonal projections along the rostral migratory
stream, nor the presence of cells within the olfactory structures. This indicates that under in
utero grafting conditions, the NPCs endogenously predisposed to become excitatory cells
did not significantly follow the same pathways promoting the migration of interneurons
to olfactory structures. Espuny-Camacho et al. reported a widespread distribution of cell
projections [5]. However, the distribution of GFP-labeled cell bodies has not been fully
investigated in xenotransplantation studies with human iPSC-derived neurons. This may
be due to the fact that a precise quantification of GFP-labeled cell bodies within a specific
brain structure requires volumetric analysis among several transplanted brains. It should
also be noted that small variations in the cell location and integration at the embryonic
stage could lead to larger variations in the adult brain. It should be noted that assessing
the number of grafting cells would require the use of the same grafted brain for analysis
at different time points, which is not technically possible by standard methods. Such
quantifications have not been reported so far. One of our objectives for this study was
to determine the capacity of cells to survive upon their in utero transplantation, while
keeping their migratory properties over time. Despite some variabilities among the three
independent brains which were analyzed, we observed similar patterns of cell distributions
in the regions close to the ventricular system at 1 MPT (Figure 4). At 3 MPT, the transplanted

121



Cells 2023, 12, 1067

90f19

cells displayed the properties needed to migrate into more distant regions, which include
lateral and medial septum, caudate putamen, retrosplenial, motor and anterior cingulate
cortex, hippocampus, some thalamic nuclei, and preoptic areas (Figure 4). Similar patterns
were observed among the 3 brain samples which were evaluated independently at 1 MPT
and 3 MPT. During neuronal migration, NPCs are expected to adapt their migration and
final location by following well-known migratory pathways [42]. Our results indicate that
at least some of the intrinsic migratory properties of human cells remain unchanged while
they develop in the murine host in a similar manner among independent transplanted mice.
Our data also indicate that the number of GFP+ cells remained similar between 1 MPT and
3 MPT in 3 independent experiments and according to the quantification of 3 brain sections
per region and brain (Figure 4).
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Figure 3. Mapping of neuronal projections from transplanted human cells within the LV of the
embryonic mouse brain at 1 MPT and 3 MPT. (A) Camera lucida drawings are according to Allen Brain
Atlas (https:/ /mouse.brain-map.org/, accessed on 25 January 2023). Image credit: Allen Institute.
The densities of neuronal projections are depicted using a code-color schematic representation.
Results are calculated as the mean value from three independent mice. Two to three brain sections
were analyzed for each coordinate (Bregma, indicated in mm) and per mouse. (B) Representative
images of GFP+ projections at 1 MPT and 3 MPT in fiber tracks and brain regions such as the cortex
(Cx), corpus callosum (CC), cingulum bundle (Cb), septum/fornix, fimbria (Fi), and hypothalamic
region. The illustrated data are from the three representative brains. Scale bars = 200 pm.
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Figure 4. Mapping of neuronal somas from transplanted human cells within the LV of the embryonic
mouse brain at 1 MPT and 3 MPT. (A) Camera lucida drawings are according to Allen Brain Atlas
(https://mouse.brain-map.org/, accessed on 25 January 2023). Image credit: Allen Institute. Two
brain sections were analyzed for each coordinate (Bregma, indicated in mm) and per mouse. Each
brain analyzed is represented in a different color and the number of neuronal somas is represented in
a color-code manner. For each brain and coordinate, 40-um thick images were used and the counted
values summed. (B) Representative images of brain regions where the grafted human cells tended
to migrate.

In contrast to previous studies, we did not observe any significant graft rejection at
1 MPT despite the use of an immunocompetent host, as previously observed by other
authors [43]. We, therefore, believe that under our experimental conditions, human-
transplanted cells might express some specific antigens at least prior to the maturation of
the mouse immune system, thereby preventing the rejection of a transplant by the host
immune system. Additionally, it has been reported that iPSC-derived NPCs display low
immunogenicity [44]. More recently, immature neural precursors have also been reported
to partially suppress the proliferation of murine CD4 and CD8 T cells involved in the
adaptative immune responses [43]. Such adaptative immune responses are under the
control of the host natural immunity which is not fully active at late embryonic or even
at early neonatal stages [24]. Since the brain has been considered immunologically to be
a privileged organ [44,45], these findings could provide further explanations and help
understand the reasons for the absence of graft rejection in our experiments.
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3.4. Analysis of Human Cell Neuronal Phenotypes after in Utero Transplantation at 3 MPT

During brain development, specific neuronal subtypes are produced in a specific
temporal manner. The protocol we used for the derivation of human NPCs into cortical
pyramidal neurons was adapted from Boissart et al. [27]. It allows the NPCs to differentiate
into large proportions of excitatory neurons (=280%), mainly from the cortical layers II-IV,
and, to a lesser extent, into GABAergic cells (=20%) in vitro. Using the immunostaining
approach, there was an absence of SOX2 and GFAP labeling of human cells after in utero
transplantation at 3 MPT, and in LV and PFC conditions. We did not observe any SOX2 or
GFAP expression in the differentiated cells in these conditions (Figure 5A-C, Video S3). Our
data are consistent with those obtained in vitro (Figure 1) and indicate that human cells have
lost their capacity to proliferate without differentiating into astrocytes at 3 MPT after LV and
PFC transplantation. It has been previously shown that sequential mechanisms may exist
and confer young neurons to differentiate into astrocytes [46]. Therefore, one cannot exclude
some derivation of human cells into astrocytes at later stages of neuronal differentiation as
we could observe in vitro at 4045 days of differentiation using the same iPSC line together
with two other iPSC lines [26]. We analyzed the expression of the neuronal nuclear marker
NeuN, a selective marker of postmitotic neurons. We could not clearly identify isolated
mature neurons that co-expressed NeuN and GFP at 3 MPT after LV transplantation and
in all of the neuronal migration brain subregions (Figure 5A). By contrast, NeuN was
clearly expressed in the human NPC-derived pyramidal cells after PFC transplantation, as
illustrated in Figure 5C. As a marker for glutamatergic neurons, we selected the vesicular
glutamate transporter VGLUT1, which is expressed in all of the neuronal migration brain
regions [47]. We could detect the expression VGLUT1 in NPC-derived neurons after LV
and PFC transplantation at 3 MPT. The 3D reconstruction and zoomed-in visualization of
dendrite segments and spines allowed us to demonstrate at a microscale the colocalization
of VGLUT1 with GFP labeling (Figure 5B-D). We could observe that VGLUT1 was only
expressed at the levels of dendritic shafts after LV transplantation but also at the spine levels
after PFC transplantation (Figure 5D; Videos 54 and S5). We also analyzed the expression
of the oligodendrocyte marker Olig2 and did not detect any colocalization of Olig2 with
GFP labeling (Figure 5A,C). For analysis of progressive cell death over time, we tested
the expression of apoptosis-related caspase-3 protein at 1 MPT and 3 MPT (Figure S2).
Our results did not show any significant caspase-3 labeling at the two time points. To
evaluate the maturation of the transplanted cells between LV and PFC transplants, we
analyzed the differential expression of the NeuN marker for mature neurons with that of
3-tubulin, a marker of the early phases of neuronal differentiation (Figure S3). Our results
strongly suggest higher levels of neuronal maturation with increased glutamate levels
neurotransmission in human NPC-derived neurons transplanted in PFC, as compared to
those transplanted in LV.

Microglia have been described as a regulator of the proliferation of neural precursors
cells in the developing cerebral cortex [48]. They play a role in synaptic pruning and
synaptic density and can rapidly detect changes in the brain environment [49,50]. Using
single-cell and spatial transcriptomic profiling, it has been recently shown that the neuronal
identity can influence microglia densities [51]. During the course of this study, we analyzed
the potential enrichment of mouse microglia at transplantation sites at 1 MPT and 3 MPT
after LV and PFC transplantations. For this purpose, we used Ibal labeling to identify the
presence of microglia cells at injected and non-injected hemispheres (Figure 6). Interestingly,
we could observe differences in microglia labeling under all of the conditions tested. The
number of Ibal+ cells remained within the same order between the injected and non-
injected sites in LV transplantation at both 1 MPT and 3 MPT. A slight decrease in cell
numbers was observed in the non-injected site, where the transplanted cells are expected
to be less present, at least at 1 MPT (Figure 6). As compared to LV, the PFC transplantation
induced higher levels of Ibal+ cells, initially surrounding the transplanted area at 1 MPT,
and then integrating within the transplanted area at 3 MPT. In the PFC region, the level
of resident microglial cells was twice higher as high as that of the LV region. These

124



Cells 2023, 12, 1067

12 0of 19

observations are in agreement with previous reports on the regional heterogeneity of
microglia within specific brain regions, among rodent brains [52]. We also analyzed the
morphology of microglial cells as an index of their reactivity [53]. The small cell somas and
large territories occupied correspond to a lower activity state, while cell body enlargement
and more irregular cell shape correspond to a high activity [54]. After LV transplantation,
we did not observe any significant variation between 1 MPT and 3 MPT, and between
the ipsilateral and contralateral sites (Figure 6). After PFC transplantation, we observed
a slight increase in the soma areas between 1 MPT and 3 MPT, and between the injected
and non-injected sites. Microglia are expected to regulate the survival of neuronal cells
without excluding a possible phagocytosis of dead cells and debris that may result during
PFC transplantation, where the high densities of human cells may influence their glial
environment. Further studies are needed to examine and confirm this hypothesis.

Figure 5. NPCs differentiate into glutamatergic neurons at 3 MPT. Inmunofluorescence staining of
NPC-derived neurons by GFAP, SOX2, NeuN, and VGLUT1 at 3 MPT after LV (A,B) and PFC (C,D)
transplantation. Left to right panels, no positive human cells were found for GFAP, Sox2, NeuN,
and Olig2 (no double-labeled cells). (B). Punctiform labeling of dendritic segment was observed for
VGLUT], clearly illustrated by a 3D zoomed-in image showing distinct VGLUT1 punctae represented
in yellow (Bi, Bii). (C). Left to right panels, no positive human cells were found for GFAP, Sox2 and
Olig2. Positive labeling for NeuN marker showing the nuclei of pyramidal neurons within the PFC
(arrowhead). (D). Punctiform labeling of dendritic segment and associated spines was observed for
VGLUT], clearly illustrated by a 3D zoomed-in image showing distinct VGLUT1 punctae represented
in yellow (dendrite) and green (spines) (Di, Dii). Scale bars = 50 um (GFAP, SOX2, NeuN and Olig2
images), scale bars = 2 um (reconstituted VGLUT1 images), and scale bars = 0.3 pum (zoomed images
Bi, Bii, Di, Dii).
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Figure 6. Microglia recruitment around the grafted area, related to Figure 5. (A) Confocal images
at 1 MPT and 3 MPT of the injected and non-injected sides for LV- and PFC-transplanted mice. The
transplanted cells are labelled with GFP, and microglia is shown in red. Pictures i—viii show the
higher magnification of the area for the analysis of microglia morphology on one representative brain
for each condition. Scale bar = 200 pm and 5 pum for i-viii. (B) Plot showing microglial density (Bi)
and soma area (Bii) for each condition. Quantification was performed on the 20 x images, using the
MorphoLib] plugin in Fiji.

3.5. Comparative Analysis of Dendritic Spines in LV- or PFC-Transplanted Human Cortical
Pyramidal Neurons

Dendritic spines are important for the establishment of most excitatory synapses and
the cortical circuits. Their density and structural plasticity are thought to directly reflect
the glutamatergic synaptic transmission and synaptic plasticity in the brain cortex during
development, as well as the developed adult brain. Each spine may allow the neuron to
control its local activity. The aim of this study was to understand the contribution of the
local host environment in spinogenesis processes. Our objectives were to compare the spine
maturation in human cortical pyramidal neurons derived from transplanted NPCs at 1 and
3 MPT after their in utero engraftment into the LV of the mouse embryo (E17.5); and the
spine maturation after transplanting the human NPC into two distinct embryonic regions,
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namely the LV and the PFC, at 1 and 3 MPT. For these experiments, we used our previously
reported method, which consists of the 3D reconstruction and quantitative analysis of
diverse structural spine parameters on iPSC-derived pyramidal neurons [9,29] (Figure 7A;
Video S6). The set of morphological parameters that have been measured in our study are
depicted in Figure 7B. The diverse morphologies of dendritic spines have been reported
previously with the classical distinction between filopodia, thin, stubby, and mushroom
forms [54]. The spine diversity appears to be directly related to its stability and functional
activity [54]. Figure 7C illustrates the proportion of the four spine categories, tested under
each experimental condition. We could observe a large proportion (90%) of filopodia at
1 MPT after LV transplantation. The proportion of filopodia at 1 MPT was lower in PFC
as compared to the LV transplants but remained in the major spine category (57.9%). This
indicates that spines at this stage are still immature. The NPCs have moved forward to the
cortical zones, and this may be the reason for the delay in the maturation process. In contrast
to filopodia, the stubby and mushroom categories have been recently shown to possess a
post-synaptic density with similar average protein copy numbers and topologies [55]. At
3 MPT we observed that the proportion of stubby and mushroom spines increased in the
LV transplants, while only the proportion of stubby spines increased in the PFC transplants
(Figure 7C). These data indicate an increase in the level of maturation until 3 MPT. We
could also observe a significant increase in the total spine densities at 3 MPT compared to
1 MPT after transplantation of the NPCs into LV and PFC, with an even higher increase in
the PFC-transplanted neurons compared to LV. Such increases were more pronounced for
the filopodia and stubby than for the thin and mushroom categories (Figure 7D). The spine
densities were very similar to those we reported previously in neonatal grafting [9], as well
as those reported in a recent study using human-transplanted organoids [13]. By contrast,
the total volume of spines remained unchanged over the four conditions tested. At 3 MPT,
a slight but significant decrease in the relative spine head volume was observed in the PFC
transplants compared to the LV transplants. This effect was predominantly observed for the
filopodia spines (Figure 7D). Our results also indicate that the spine straightness and neck
morphologies remained unchanged in all of the tested conditions, despite a slight decrease
in the spine neck length between 1 MPT and 3 MPT in the LV transplants (Figure 7D).
The total spine length was significantly lower in PFC as compared to LV at 1 MPT. We
also observed a 38% increase in the total spine head volume together with a 37% decrease
in the total spine neck length after transplantation within the LV. These data strongly
suggest that a coordinated regulation of the neck morphology and synaptic maturation
could occur and be linked to functional neuronal maturation [54]. Finally, we measured the
morphological parameters of the dendrites from human cortical pyramidal neurons. While
the dendrite length remained unchanged between all of the conditions tested, we could
observe a significant increase in the dendrite diameter and dendrite volume, as well as the
number of primary branching points at 3 MPT, when the NPCs were transplanted in the
PFC compared to the LV (Figure 7E). In addition, the dendrite volume was significantly
increased between 1 MPT and 3 MPT in the PFC transplants (Figure 7E). Altogether, our
data show a higher complexity of dendritic arborization of the cortical pyramidal neurons
when directly transplanted within the PFC compared to the LV. In parallel to higher
dendritic complexity, higher spine densities were predominantly observed, while the spine
intrinsic characteristics remained similar between the PFC and LV. Neuronal maturation
represents a continuous process that is under the influence of local and extrinsic factors,
which may affect cell migration and maturation. At the level of the LV transplants, the
human-transplanted NPCs have migrated and adopted some specific trajectories toward
the cortical zone before reaching a cortical destination. For the PFC-transplanted NPCs, the
local and extrinsic factors were expected to increase the neuronal maturation while keeping
the neotenic human phenotypes, which signifies that the xenografted cortical neurons are
expected to retain some juvenile traits in adult mice [5,56].
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Figure 7. Quantitative analysis of spine and dendrite morphology in LV- and PFC-grafted NPCs at
1 MPT and 3 MPT. (A) Confocal image at 3 MPT of a pyramidal cell dendrite grafted in the PFC before
(left) and after dendrite and spine reconstruction with the Imaris 9.5 software (right). (B) Schematic
representation of the parameters evaluated. Created by BioRender. (C) Pie charts showing the
distribution of the different spine categories at 1 MPT and 3 MPT in LV- and PFC-transplanted
cells. Spines were classified into four different classes: filopodia, thin, stubby, and mushroom.
Percentages were calculated over the total number of spines in all of the analyzed dendrites. In total
8,8, 7, and 6 neurons, and 3, 3, 2, and 2 mice were used for 1 MPT-LV, 3 MPT-LV, 1 MPT-PFC, and
3 MPT-PFC, respectively. (D) Measurement of spine densities and spine morphology parameters.
(E) Measurement of dendrite morphology parameters. Data are presented using a box and whiskers
graph with plotted “min” and “max” and median values. Mean values are also indicated as “+".
Each dot represents a dendrite and spine. Spine parameters were averaged per dendrite. Statistical
analyses were performed using Mann-Whitney test.
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4. Conclusions

Our data show that human neural precursors transplanted into the brain ventricles
of embryonic immunocompetent mice can survive and differentiate into juvenile-like
(not fully mature) and more mature neurons with specific patterns of migration and
axonal projections over time with no abnormal proliferation, which we found reproducible
and uniform among all the transplanted mice. We evaluated the functional neuronal
differentiation using a detailed 3D analysis of spinogenesis. Depending on the injection
site, LV vs. PFC, we discovered that the specific fetal local environments significantly
modified the synaptogenesis processes while maintaining human neoteny. We are currently
analyzing the molecular determinants of such processes at the level of transcriptome using
single-nuclei RNA sequencing. Our in utero approach can be extended and applied in future
studies using other embryonic brain regions in rodents to characterize the developmental
patterns. In addition, our model enables the use of other host species for investigation and
direct analyzes of the mechanisms that lead to neuropathological conditions and alterations
in the development of brain circuits, with no further need for transgenic manipulations for
immunosuppressive conditions at early stages of development. It also offers the possibility
to investigate the possible sequelae of stem cell transplantation and provides the paths for
future therapeutic approaches such as gene therapy through this technique.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/ cells12071067 /s1, Figure S1: Illustration of the pipeline to study neuronal
projections, related to Figures 3 and 4; Figure S2: Absence of Caspase-3 expression at 1 MPT and 3 MPT,
related to Figure 5; Figure S3: Maturation of grafted GFP cells in LV and PFC transplants, related
to Figure 5; Tables S1-53, related to Materials and Methods Section; Video S1: Illustration of the in
utero surgery with a visible embryo’s brain and injection process; related to Figure 2; Video S2: 3D
representation of a GFP+ neuron in the PFC; related to Figure 3. Video S3: 3D representation of GFAP
labeling, related to Figure 5; other videos available upon request; Video S4: 3D reconstruction of a
dendrite segment (grey) and spines (blue) of a LV-transplanted cell for VGLUT1 labeling detection,
related to Figure 5; Video S5: 3D reconstruction of a dendrite segment (grey) and spines (blue) of a
PFC-transplanted cell for VGLUT1 labeling detection, related to Figure 5; Video S6: 3D reconstruction
of a dendrite and the spines of a GFP+ pyramidal neuron in the PFC.
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Supplementary Materials

Developmental changes of human neural progenitor
cells grafted into the ventricular system and prefrontal
cortex of mouse brain in-utero

Figure S1
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Figure S1. Illustration of the pipeline to study neuronal projections, related to Figure 3 and to Figure
4. (A) Pictures of the whole brain slice before (i, ii) and after (iii, iv) running a homemade macro
(available upon request) to re-size the brain images to match the brain atlas drawings and create a
grid. (B) The average and SEM of the counting of three brains are transferred into a numerical grid
and merged to the coordinate illustration from the Allen Brain Atlas (Bregma, indicated in mm). A
color code is used to better visualize the density and distribution of the projections. (C) Final
visualization of the projection’s distribution. (D-E) Extended data for the mapping of neuronal
projections at 1 MPT (D) and 3 MPT (E).
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Figure S2

LV - IMPT

Caspase 3

Figure S2. Absence of apoptotic GFP-cells at IMPT and 3MPT in LV and PFC transplants, related to
Figure 5. Confocal images at 1 MPT and 3 MPT for LV and PFC transplanted mice. The transplanted
human cells are labeled with GFP. No GFP+ cells were labeled with the apoptotic marker Caspase3 in
all conditions. Rare Caspase3+ cells (white arrows) were observed but no colocalization with the human
cells is detected. Scale bar = 50um. Results are from two independent experiments.
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Figure S3
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; T, & fis-

%

B | V=3 MPT H PFC—3 MPT

Ao

Figure S3. Maturation of grafted GFP-cells in LV (1 MPT and 3 MPT) and PFC (3 MPT) transplants,
related to Figure 5. Confocal images at 3 MPT for LV and PFC transplanted mice. The transplanted
human cells are labeled with GFP. (A) Immunofluorescence staining of 33-tubulin, a marker of the early
phases of neuronal differentiation. (B) Immunofluorescence staining of NeuN, a post-mitotic neuronal
marker. 33-tubulin-positive human cells is observed in the superficial parts of PFC transplants, where
the host cells are scarce (indicated by asterisk). Only a few NeuN-positive human cells are detected

within the same region. In LV transplants, only a few cells were positive for NeuN. Labeled cells are
indicated by arrowheads. (A) Scale bar = 100pum. (B) Scale bar = 50um.
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Table S1. List of products with their reference and the used dilution of final concentration for NPCs

medium, related to Materials and Methods Section.

NPC Medium Ref
DMEM/F-12, GlutaMAXTM Supplement 31331028
Neurobasal medium 21103049
B27 supplement (50X) 11500446
N2 supplement (100X) 07152
Penicillin Streptomycin (10 000 U/ml) 11548876
2-mercaptoethanol Stock solution (50mM) 11528926
Factors Ref
Human EGF, premium grade 78006.1
Human FGF-2 IS, premium grade/BF GF 78003.1
Human Recombinant BDNF 78005
Coating Ref
Geltrex A1413302
Laminine (1mg/ml) L2020
Poly-L-Ornithine (1mg/ml) P3655

Company
ThermoFisher
ThermoFisher
ThermoFisher

StemCell
ThermoFisher
ThermoFisher

Company
StemCell
StemCell
StemCell

Company
ThermoFisher
Sigma
Sigma

Dilution factors
1/2
1/2
1/50
1/100
1/100
1/1000

Final concentration
10ng/ml
10ng/ml
20ng/ml

Final concentration
120-180ug/ml
10pg/mi
15ug/mi

Table S2. List of primers used for Real-Time PCR, related to Materials and Methods Section.

Gene
Oct4

Nestin

Pax6

Tuj1

VGLUT1

Cux1

CTIP2

VGAT

GFAP

GAPDH

Primers
5'- CAGCAGATCAGCCACATCGC-3'
3'- CCACACTCGGACCACATCCT-5'
5-TTCCCTCAGCTTTCAGGACCC-3'
3'-CTCAAGGGTAGCAGGCAAGG-5'
5'-GCAAGAATACAGGTATGGTTTTC-3'
3-GTGGGTTGTGGAATTGGTTG-5'
5'-CTACAACGAGGCCTCTTCTCACAA-3'
5-GGTTCCAGGTCCACCAGAATG-3'
5'- CGACAGCCTTTTGTGGTTCC-3'
3-GGTTCATGAGTTTCGCGCTC-5'
5'- GCTCTCATCGGCCAATCACT-3'
3-TCTATGGCCTGCTCCACGT-5'
5-GAGTACTGCGGCAAGGTGTT-3'
3-TAGTTGCACAGCTCGCACTT-5'
5-CCATCCAGGGCATGTTC-3'
3-GTGTAGCAGCACACAACG-5'
5-TCCACGAGGAGGAGGTTCG-3'
3'-GGCAGCAGCGTCTGTCAG-5'
5'-TCTGCTCCTCCTGTTCGACA-3'
3'-AAAAGCAGCCCTGGTGACC-5'

Product size (bp)

60

130

155

60

237

75

98

103

200

141
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Table S3. List of antibodies used for immunohistochemistry and immunocytochemistry, related to

Materials and Methods Section.

PRIMARY ANTIBODIES

Name Ref Company Host Dilution
GFAP G-3893 Sigma Mouse 1/200
GFP AB455 Invitrogen Rabbit 1/750
GFP MAB3580 | Millipore Mouse 1/750
Iba1 019-19741 | Wako Chemicals Rabbit 1/500
Ki67 14-5698-80 | Invitrogen Rat 1/100
Nestin MAB5326 | Millipore Mouse 1/200
NeuN MAB377 Millipore Mouse 1/200
SOX2 14-9811-80 |Invitrogen Rat 1/100
VGLUT1 135303 Synaptic System Rabbit 1/1000
Olig2 Ab220796 | Abcam Rabbit 1/1000
33-Tubulin Ab9354 Abcam Chicken |1/200
Caspase-3 9661 Cell Signaling Rabbit 1/300

SECONDARY ANTIBODIES

Name Ref Company Host Dilution
Anti-mouse Alexa 488 715-545-150 | Jackson Laboratory | Donkey | 1/500
Anti-rabbit Alexa 488 711-545-152 | Jackson Laboratory |Donkey | 1/500
Anti-mouse Alexa 594 715-585-150 | Jackson Laboratory | Donkey | 1/500
Anti-rabbit Alexa 594 711-585-152 | Jackson Laboratory |Donkey | 1/500
Anti-rat Alexa 594 712-585-153 | Jackson Laboratory |Donkey | 1/500
Anti-chicken Alexa 594 | 703-585-155 |Jackson Laboratory |Donkey |1/500
Anti-mouse Alexa 647 715-605-151 | Jackson Laboratory |Donkey | 1/500
Anti-rabbit Alexa 647 711-605-152 | Jackson Laboratory | Donkey | 1/500
Anti-rat Alexa 647 712-605-153 | Jackson Laboratory | Donkey | 1/500

Video S1. Illustration of the in -utero surgery with a visible embryo 's brain and injection process,
related to Figure 2.

Video S2. 3D representation of a GFP+ neuron in the PFC, using Imaris 9.5 software, related to Figure
3.

Video S3: 3D representation of GFAP labeling using Imaris 9.5 software, related to Figure 5. GFAP
labeling is in red fluorescence. The results show the absence of GFAP colabeling with human GFP+ cells.
Other videos are available upon request.

Video S4. 3D reconstruction of a dendrite segment (grey) and spines (blue) of a LV transplanted cell,
related to Figure 5. Yellow dots represent colocalization of VGLUT1 with the dendrite and the red dots
represent a negative colocalization between VGLUT1 and the neuron.

Video S5. 3D reconstruction of a dendrite segment (grey) and spines (blue) of a PFC transplanted cell
using the Imaris 9.5 software, related to Figure 5. Green dots represent colocalization between VGLUT1
and the spine and yellow dots represent colocalization of VGLUT1 with the dendrite. The red dots
represent a negative colocalization between VGLUT1 and the neuron.

Video S6. 3D reconstruction of a dendrite and the spines of a GFP+ neuron in the PFC using the
Imaris 9.5 software, related to Figure 6. Color classification of the spines is as follows: purple =
filopodia, red = stubby, green = mushroom, blue = thin.
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Humanized Chimeric Mouse Models to Study Human Neural
Development and Pathogenesis of Brain Diseases

Camille Thiberge, Maria Llach Pou, Aline Vitrac, Uwe Maskos,
and Isabelle Cloéz-Tayarani

Abstract

The development of humanized neural chimeric mouse models consists in grafting human neuronal
progenitor cells (NPC) or differentiated neurons derived from induced pluripotent stem cells (iPSC) into
the mouse brain at different time points. As the main features of cortical networks and their alterations
during brain development cannot be reproduced in vitro, these in vivo models have been used to investigate
the mechanisms by which reprogrammed human neurons and non-neuronal cells integrate and migrate into
the mouse brain at early stages of brain development and display functional activities several months after
their grafting. Here, we describe the neonatal grafting technique of human NPC which we use in our
laboratory. We also present a new method based on the grafting of human NPC into the brain of mouse
embryos, in utero. A third method consists in the stereotaxic grafting of human NPC into selected brain
regions of adult mice. The iPSC technology combined with the use of chimeric mouse models offers
numerous possibilities to study human neural development within well-controlled and defined temporal
windows and to model neuropathological disorders.

Key words Xenografting, In utero transplant, Human stem cells, Induced pluripotent stem cells,
Chimeric mouse models, Neurodevelopment, Neurodevelopmental Disorders

1 Introduction

The reprogramming of human embryonic stem cells (ESC) or
induced pluripotent stem cells (iPSC) into neuronal progenitor
cells (NPC) and mature neurons is of major interest to study
brain development during the critical periods of establishing diver-
sity, connectivity, and functional maturation of neurons within the
central nervous system (CNS). These properties are particularly
important within the cortical regions and the targeted areas of
their innervation. A specificity of the cerebral cortex resides in the

Authors Camille Thiberge and Maria Llach Pou have equally contributed to this chapter.

Stéphane Martin and Frédéric Laumonnier (eds.), Translational Research Methods in Neurodevelopmental Disorders,
Neuromethods, vol. 185, https://doi.org/10.1007/978-1-0716-2569-9_8,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2022
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existence of multiple cortical sections that are structurally and
functionally organized into connected units to exert different func-
tions through a large variety of neuronal subtypes [1]. At later
stages of development, postmitotic neocortical neurons conserve
a high degree of plasticity which allows the postnatal reorganization
of specific neural microcircuits in vivo [2] .

To date, different ESC and iPSC reprogramming protocols
have been developed which can be used to produce various neuro-
nal subtypes [3] . In particular, the reprogramming of stem cells
into human cortical neurons has made it possible to study various
developmental features after their grafting within the prefrontal
cortex [4] . Interestingly enough, it has been shown that grafted
ESC-derived human cortical neurons can integrate functionally
into the lesioned mouse brain, when their cellular identity corre-
sponds to that of the brain area under grafting [5]. In humans, the
cortex is organized into six layers [6] which contain neurons with
selective spatial organization and distinct biochemical, morpholog-
ical, and electrophysiological characteristics [7-10] . The axonal
projections of these cells are also specific not only to their cortical
location but also to the neuronal phenotype. Thus, the excitatory
pyramidal cortical neurons project into various but specific regions
of the brain, while the interneurons’ projections remain local within
the cortical layers.

Xenografting of human neuronal progenitor cells into a rodent
host allows their study in vivo on an extended time scale (up to
10-12 months) [11, 12] as compared to in vitro studies
(70-80 days in culture) [13]. In addition to such an important
temporal aspect, the growth of human xenografted neurons takes
place in a vascularized environment, which is essential for
the survival of the transplanted cells. It has also been shown that
the oligodendrocytes of host mice have the ability to myelinate the
axons of grafted human neurons [4 |, which is an essential process to
their long-term functional activity. The cortical identity of the
grafted neurons, which depends on the layer in which they are
positioned, as well as the temporal characteristics of their develop-
ment is also maintained after transplantation [4, 11, 14]. Thus, the
maturation of human neurons can take place over several months
despite their development in a more mature murine environment
[11]. A recent study has shown that when NPC are transplanted
together with deep-layer cortical neurons into the brain of adult
mice, the first synapses are visible after only 20 days of development
and their number increases gradually overtime [14].

A summary of the xenografting studies carried out to date with
human cells is presented in Table 1. It should be noted that most of
these studies have been performed in newborn or adult rodents
with ES- or iPS-derived human neurons. The main phenotypes
studied are also indicated, whether they are morphological
and/or functional.

142



137

Humanized Mouse Models and Neural Development

(ponunuod)

sndureooddry pue x91100 uTyRIM

srenualod uonoy Surpnpur uonerodiodur peardsapipy (F19) DSH
[62] ARG (LA T SO[OLIIUIA UTRIG oA1quId 9SNOA parenuaIq
(wmnyerns pue
X01102) Sunyeid 1oye sAep 9g 01 dn BIUIYDST
DSJH 2INIeIUIpy -uone1daiur [BAIAINS ¢SEITR PIUOISI] UT $IAD0IISE [81Q2190 ST[92 I[-SN
[gz] ondeuds pue Jy jo uonerduar) pUE SUOINIU OJUT UOLRHUII(] uondafur A1 [e20F 1M Jey Ppazielowu]
Juswdoroaap
9qMI [eINAU ‘O Jo shep
o3JUI UONeISIW PUe UONBHNUIII(] 7-S'T ‘samwos
[22] ‘pu £1981ms-1s0d sAep /—9  ojur Sunjeis oao uy oA1quud 214D DSH
sa14d0mse
pUE SUOINIU OIUT UOHRHUIJI
SUOISOT 19330 IYM dWOS pue
‘ureaqprur wnjerns ‘snureretypodAy
‘snurerer) ‘wmdos ‘qO
‘dl “x91100 Ut S[[9d Jo uonerodroduy
[oz] ‘pu LAM 1V SO[OLIUdA UTRIg  JJBUOIU ISNON  DJN PRALDP-DSH
(ZAS) SI1P2 parenuaIoypun
®I[S pUE SUOINIU PAILTUAII(] uone1sad
:suonemndodqns om, Yoam-¢ -7 1
[cz] ‘pu :uone3Isas Jo YoM /191 IV SO[OLIIUIA UTRIg I8 SNI9J ADUOA DSN
(LI £) uonenuaIapp
[¥2] ‘pu [eINoU puUE ‘UONRISIW ‘UOIRIFIOI] SO[OLIIUdA UTRI  JJBUOIU ISNOA S[[92 uTRIq [BI9]
wnjerns 93 unpm uonerdnu
[enueIsqng ‘s10s1nda1d snoudSopud
[e7] ‘pu £q uayel $93n01 93 Suoe UONBISIN dyg pue ZAS Je11Npy DSN druokiquug
[zz] ‘pu  suoindu jo uonerodiodur peardsapipp SO[ILIIUA UTeIg of1quud 1By S[[92 UTeIq €39
CERNEYETET fyjeuonound uonelbajul yery uoifal ulelg 1S04  wbuo [|99 uewny

SU0IN3U PaALIdP-|[89 wd)s uewny jo uonejuedsuenouax Huisn saipnis papoday
I a|qel

143



Camille Thiberge et al.

138

suo.Inau [e313.100 JO suraned

srenualod SNLIpUSp pue suonddfoid jeuoxe SUOINIU
[¥#] ondeuds ‘suroned Suung :TJN 6 5y19ds Jo JudWysI[qeIsd ‘uoner3aiuy X91100)  9JBUOSU ISNOJN [EI[I0D PIALIP-DSH
wnierns UOSUDTEJ
350y ojur suonddford Moy Yam s syuoned
s3eI PauoISI[-Y(HO-9 UOTIRZIIOQTE ‘[EATAINS [[3D JO [9A9] YSTH WoJj SUOINIU
[og]  Jo AnourwiAse 1010W PIdNPIY LM 9T-F wniemg eI I[Py VA PRAIIP-DSJT
uonejue[dsuen $9139501
[ce] ‘Pu I93Je SYooM F UONEBISIIUI PUL [BAIAING wnierng JeIJNPY  [eINOU PIALIDP-DSH
s101dadaroroyd
DTW JUIDYIP-KL)) [eUOndUN} OIUT UOTRRUII(] Joeds Jeaniaenur s1o31ua801d
[¥¢] ursuonouny [ensia Jo UONEBIOISIY "BUNDI OSNOW Ul UORRISI)N pue 20eds [eUnaIqng  9JBUOSU ISNOJN  [BUNDI PIALIdP-DSH
Aoyuowr
swoldwAs [eIoaeyaq pue e ‘osnowr
JO UOIRIOISYY "[EAIAINS OAIA ur sppow suoInau
[¢¢] suoneqmso enuslod sueIqUIDIA U] “TAMOISIoA0 [eInou oN ‘LI S—F wniernsg URTUOSUDTE ] VA PRALIOP-DSH
DJN jo uonedjrord s103tudgoad
[ze] ‘pu Juaists1ad pue IMoISI19A0 JerSouay wnjerng JeIJNPY  [eIRLIS PIALIDP-DSH
el (sa1do0mse +)
J[Npe pauoIs9] suoInau
[1g] Sunsal [eIoARyag AI9A021 [BUOINIU [eRURISNG wnierng -VAHO-9 VA PRALIDP-DSH
sIsoudgoInou
01 uonNqLIUOd {qnq AI103128j[0
01 wreans A1o3eIdnu [exsor Ayl ureIq
[og] ‘pu  Suofe uoneidiwu ‘7z A§ ojul uoneISauy SOPIDUIA UTelg  Jeldmpe/3unoy  DJIN PRAMIP-DSH
S3JUa.13j3y fyjeuonouny uoneshiajul yeiy uoibas uresg JSOH uibrio 199 uewny

(panunuod)
I 3lqel

144



139

Humanized Mouse Models and Neural Development

(ponunuod) cm
uoneIgIu (92 m
pue uonerdaiur Jein) ‘Junjerd a10jaq suornaurolur |
[¥%] ‘pru  Supjueq [[92 Joj uoneziundo [050101 ] X9110D) ISNON [BI1I0D PIALIDP-DSJ |
)
suoInau w
A10103D%5 TednI0d ¢
suronied Suny  suonosfoad 9and9pas d8ueI-3Uo] I T JIN S X91100 pue s1ojrua3oxd ’
[$1] ‘sandur £1038310X0 pUE A1031qQIyU] UOTBZLIB[NISBA JJeIr) KJ0SU9sOIRWOG asnow INpy PRALIdP-DSJT |
S[[o2 TeprureIdd Sunyead 1o3ye SUOINIUIIIUT suormouIdlul
[e%] 350y 9173 JO SIsATeue ULy Ad JO UODRIUIIP MIIS U] X93J0D [eIUOIIIJ Je1 NPy PALIdP-DSH &
1507 3 IM SUOINIUIANUI INOS PUB AJ (F-1d) s10yuago1d !
[z¥]  sosdeuds A1onqryur jeuonoung  ur s[[2d pajue[dsuen jo uonenuarygiq sndweocoddiy [esio  93BUOSU ISNOTN PRALP-FOIN |
$914001pUIPOJI[O PUL ‘sNA>01ISE “
‘SuOINAU AI01BIDXD OIUT UONBLHUIIIII( m
(LI 9 m
Je WN{[3q919 93 Ul UOHDIIIIP) UTeIq .
LA €1 dsnow 91 03Ul S[[20 pajue[dsuen (0d) m
[1%] 1€ SUOINU dINJBUW [RUONIUN] Jo uoIsIadsIp opim pue UOLeRISIA SOPLIJUJA UTRIJ  9JBUOIU ISNOPN DN PIAHIP-DS T
srgoad skemyped X93110D suoInou -
[s] [BUOINIU [eOLIIDI[ dINIeA [e212100 pagewep JO UONBIOISIY [eNSIA POUOISYT oSNOW NPy [ed1I0D PIALIIP-DSH
SUOINIUINUI JISISY YD) SUOINIUIIIUI m
JO $3SSB[OqQNS PUE S[[30 TOD) PaALIap
[0%] ‘pu IO gD 03 POYIdW UONBLRUIII(] snduwresooddrpy DN -DSJ! PUe -DSH
(AN@D+) ureIq 3npe ut s1oqy
[6g] ‘pru Suoj 109(o1d 1e1) SUOINSU JO UONRIIUIL) UTRIqQPIA Auoy DSN 8309
sodA1qns uornouIul
srenuajod JISIY YD OIUT UoHeINIeW (zd) s10yruagord
[8¢] ondeuss ‘suroned Suung i T JIN £ $X91102 9 Ul UOBRISIW [[9D) LN £—€ X21100)  JJRUOAU ISNOJN DN PRALLP-DSJ
SIDYIP Arowrawr suoInNau ST[20 MI[-AON
[£e] pue Surures] ur syjuswsoidw]  snoudSopud YIm suondduuod dndeuls sndureooddrpy OSNON PaALIOP-DSH

145



Camille Thiberge et al.

140

UOTIRZLIE[NOSEA JeIr)
“LIN ¥

$914501puapOJIjO

pue ‘sa14d013s8 ‘suoInau WOS
‘suornau [eprwetid olur UONERUIII
X93J0d 9snowr a3 ur suonddford jeuoxy

SIOLIIUIA

[21] ‘pu (LI T3V UreIq/X9110d [eIuol BUOIU ISNOJN  DIN PALIP-DSJ!
SUOJNIUIAIUI A J OIUT UOHBDUIIIP
1ySIy :[opowr asnowr (S UJ
SUOINIUIIIUT NS OIUT
UONRRUIIIP JOYSIY :9snoW T AA UT
SedIe AIOSUISOIRWOS PUE ‘T0J0W (e-1a)
Arewrxd ‘rensur Jesiop ‘ojenSum leuodU
asnow [Ppouwr (ISY IOLIdIUE ‘D) 03Ul uoneIrsauy osnowr JAA SUOINIUIIIUT
[£¥] 3o uonoeInuUI [BIDOS JO INISIY TAM 8 IV X9110D [eIUOMDI]  PUE [opow (IS PRALIDP-AON
SUOINIU [e21110D ISOY UT SIILIPUIP
JO UOIPAISUUI PUE SP[OY [eUTULIY)
asuodsar uornau payyersd ISUI(J "SUOINAU DIy TYL) 0Iul
ur Aniqerrea :syuefdsuen JNY UonenuAIPIP : T JINE IV "uisdopoyr Jel DIN
[9%] -qyDY jo uonemuwmns ISy [PUUBYD UeWINY I1A UOLINPSUBI], X01JOD [eIJUOL] PUE ISNOW I[NPY PIALIIP-[[30 WIS G
SUOJINIU [ed1110D
S[[2d (1-0d) PaAHIP-OS
[T1] suronied Suuy srmyews (T JN O 9[SUIS SE X110 9SNOW 91) UT UONRISIIU] SO[OLIIUIA UTRIg 9JBUOIU ISNOTA STuoAIquUIF
PIPY
[onuod TVD pue DT Ul SUOINIU AI0JBIIDXD stosamdaxd
9INZIDS UT SUOINIUIdIUT redureooddry 3soy pue suoxe poALIop Asdoqido UOINIUINUT
[s%] PRALIOP-1JeIS JO JUIWIAJOAU] -yeas8 udomloq uoneurioy asdeudg sndureooddry Jo [opour ey PRALIDP-DSJT
$32U919J9Y fyjeuonauny uoneifajui yeiy uoifa1 ujeig 1SOH  wbuio |39 uewny

(panunuod)
I 3lqel

146



141

Humanized Mouse Models and Neural Development

dUOZ JR[OLIUAQNS 74§ ‘Uneisolewos oS ‘urunqreared 4 ‘s[fod wais yuszodunid Hgg x91100 [euonard D s[od
wals Juatodunid Hgg ‘qunq 410108510 gO ‘uoneiuejdsuen-isod ypuow 7 77y “@dusunud druorgues erpsw goy ‘snduredoddy dgy Gusrmod s>ndeussisod A1oreanxs Hggg ‘uornSued
1001 Tesiop DY ‘uoneiuedsuen-isod sfep g 81ururedoq i ‘Odusurus drwondued epned FoH ‘sioprosip wnndads wsnne (7§} ‘senuaod uonde Jy suouviaiigqy

suoInau payersd srdiouruedop

£Q SIDYIP I010U JO INISNY SUOINIU
(315 eI8 /) sadfaqns [euoinau ewelIn|3 [ednJod
Jo uapuadop sandur ondeuds sadfaqns uomou uo Surpuadap seare wnieLns [opow asnow 10 y( ureiqpru
[8%] ([eorwroleue /) [euondUN,]  UTRIq JUIJJIP UI SUOXE JO Uond(01] IO eISIU BOURISQNG  UOSUD[IEJ IMPY P2ALIOP-DSH

(STTeUTUIIN] NS PUE RHIQUITY) SIOQTY
Io7eW 9ITYM SUIMO[[OF SedTe UTelq
JUDIIPTP 03T suondd(oxd [euoxe :X21100)
weons
A103R13TU0 [RI3SOT 97} SUTMO[[OF sqnq
£J01BJ[O 01 UOTILISTUI :SOPOIIIUIA UTeI SO[OLIUIA UTRIq
[s1] ‘pu ;0T 14 0S IV IO X9110D [eJUOX]  dJBUOIU ISNOJN  DJIN PIAHIP-DSJ!

147



142 Camille Thiberge et al.

neonatal transplants. This protocol has provided the means to
analyze some of the processes which take place during the early
stages of neuronal maturation, and on the role of SHANKS3, a
postsynaptic protein which is altered in autism spectrum disorders
(ASD) as we reported previously [15]. In the course of this study,
we also found that the maturation of the same reprogrammed
neurons was slower in vivo as compared to in vitro conditions,
using the same cells in both studies [15, 16] .

We will then describe a step-by-step protocol which consists in
grafting human-derived NPC in mice in utero. This new method,
which has not been used in mice to date, provides the means to
study the early stages of human development and neural precursor
events before they start differentiating. Another important aspect
resides in the fact that in utero grafting allows the use of immuno-
competent mice. Finally, we describe a transplantation method in
adult mice which can be particularly adapted to the grafting of
inhibitory neurons which have limited projections to cortical
areas. We will highlight the diverse applications of each of these
methods for studying different pathologies at their earliest stages
during brain development.

2 Materials

2.1 Media NPC Culture Medium The culture medium consisted of 500 mL
of DMEM /F-12 mixed with 500 mL of Neurobasal medium and
supplemented with two vials (5 mL each) of N2 supplement (Gib-
co™ ref. 17502048), two vials (10 mL each) of B27 supplement
(Gibco™, ref. 17504044), 10 mL of penicillin-streptomycin (pen-
icillin = 10,000 units/ml and streptomycin = 10,000 units/mL),
and 0.1 mM of 2-fmercaptoethanol. Growth factors were selec-
tively added as described in Fig. 1.

Flask Coating Culture flasks were initially coated with Geltrex
(Gibco™ ref. A1413302) diluted to 1,/100 in DMEM /F-12 and
incubated for at least one hour at 37 °C.

The following is the list of primary antibodies and their corresponding
secondary antibodies as well as DAPI reference

Primary antibody Secondary antibody
Name Ref Dilution Name Ref Dilution
Anti-GFP A6455, 1/750 Donkey anti- DZP030, 1,/200
rabbit Invitrogen rabbit Jackson
serum Alexa 488 Interchim

(continued)
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Primary antibody Secondary antibody
Name Ref Dilution Name Ref Dilution
Anti-GFP  A6455, 1/750 Donkey anti- Jackson 1,/200
rabbit Invitrogen rabbit Interchim
serum Alexa 594
Rabbit 135303, 1/ Donkey anti- DZP030, 1,200
anti- Synaptic 1000 Rabbit Jackson
VGIuTl  Systems Alexa 488 Interchim
DAPI D9542, 1,200
Merck

Equipment Stretcher apparatus (Narishige PB-7 needle puller),
glass pipettes: dimensions: 1.0 OD x 0.78 ID x 100 L. mm, Sterile
Towel Drape 18" x 26” — 46 x 66 cm (4410-IMC) Imcoing;
Harvard Syringe Pump (Harvard apparatus PHD 2000); vibratome
(Leica Biosystems, V1000S); microtome (Leica SM 2010R); con-
focal laser scanning microscope with a 488 nm laser for GEFP
excitation, and a 555 nm laser for mCherry excitation.

3 Methods

3.1 Neuronal The purpose of this section is to specifically describe the protocols
Progenitor Cells (NPC) ~ which allow amplification and labeling of neuronal progenitor cells
from Human (NPC) before their grafting into the mouse brain.

iPSC Lines For this study, we used two control cell lines from Coriell

Biorepository (Coriell Institute for Medical Research), the
GMO04603 (https://www.coriell.org/Search2q=GM04603) and
GMO01869 (https: //www.coriell.org/Search?q=GM01869).
Their derivation into NPC and their characterization have been
described elsewhere [17]. For protocol optimization, we used the
WTSIi002-A line (https: //cells.ebisc.org/WTSIi002-A/ Wellcome
Trust, UK) as in a previous study [18]. Protocol modifications
result from the constant development of new commercial products
to simplify and optimize iPSC-derivation protocols, without alter-
ing the cell differentiation. For the illustrations presented here, we
only selected the original data obtained with the GM04603 iPSC
line. Figure 1a shows the experimental conditions used, according
to Boissart et al. (2013) [17], to derive human iPSC with slight
modifications. Figure 1b shows NPC amplification and labeling,
with the selected growth and transcription factors used in this

study. Figure lc describes the map of a lentiviral vector for GFP
labeling [15].
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A HumaniPSC Embryoid Bodies Neural Rosettes  Neural Progenitor Cells (NPC)
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Fig. 1 In vitro cell differentiation, amplification, and labeling before engraftment. (@) Human iPSC are first
amplified and then differentiated in early cortical progenitors, and then to NPC with further amplification before
banking. (b) Description of NPC amplification and labeling before grafting into mouse brain. GFP labeling
(green fluorescence) can be started directly from the stock of frozen NPC. (¢) Schematic representation of the
lentiviral construct for transduction of NPC with GFP using a human cytomegalovirus promoter (CMVp)

3.2 NPCLabelingand  All the following steps were performed in sterile conditions under

Amplification the flow hood. For their labeling, NPC were transduced with a
CMV-GEFP-lentivirus (green fluorescence) or with a CMV-
mCherry-lentivirus (red fluorescence) as described previously
[13]. Lentiviral vectors were prepared according to a published
protocol [19]. The map of the CMV vector is detailed in
Figure lc. NPC were transduced with 99.5 ng of lentivirus in a
6-well culture plate filled with 500 pL of fresh culture medium for
3 h. The volume was completed to 2 mL and incubated for the next
48 hours, and then rinsed with culture medium. For
co-transplantation with two distinct populations [15], transduced
NPC should be initially purified by FACS to inject equivalent levels
of green or red fluorescence intensities within cells. In the case of
co-transplantation, the two populations of labeled NPC should be
amplified using the same culture medium.
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For amplification, NPC were thawed in T75 flasks at a density
0f 50,000 cells/cm? in 25 mL of NPC medium supplemented with
Rock inhibitor Y27632 (10 pM). The next day, medium was
changed in order to remove the Rock inhibitor. Once confluency
was reached, cells were passaged into a T175 flask. Medium was
changed every 2—4 days during NPC amplification.

3.3 Grafting into Cultured NPC were dissociated and resuspended in DPBS

Mouse Neonates (10° cells/pL) before their transplantation into the neonatal
brain. GFP-labeled cells were transplanted into the motor cortex
of immunodeficient NOD/SCID mice (Charles River Labora-
tories), at postnatal days 1-2. Pups were first locally anesthetized
using a lidocaine gel. The head of newborn pups was gently held
horizontally between the operator’s fingers. Bregma was used as a
visible landmark to localize the injection site. We used the pub-
lished coordinates dorsolateral = +1 mm, anteroposterior = —1 mm,
depth = —1 mm to target the cortex, or depth = —2 mm to target
the ventricles. Two pL of resuspended cells were slowly injected
unilaterally using a Hamilton syringe (Hamilton, ref. 65460). The
syringe needle was set for injecting at 1- or 2-mm depth and kept in
the pups’ brain for 30 s following the injection before its removal.
The injection lasted over 1 min. This protocol was approved by the
Institut Pasteur Ethics Committee and the French Ministere de
U’Education Nationale, de ln Recherche et de I'Innovation under
reference APAFiS #20686. The accuracy of injection was moni-
tored by immunofluorescence labeling of GFP-labeled transplants,
after brain slicing at different periods post-injection. All pups per
litter were injected and their survival was evaluated at ~60%. For
analysis, we recommend keeping only the mice that present well-
defined GFP-labeled transplants within the same cortical areas. We
excluded the brains with small number of labeled transplanted cells
from analysis even though they presented similar phenotypes.

3.4 In Utero Grafting  'This protocol was approved by the Institut Pasteur Ethics Commit-

of Mouse Embryos tee and the French “Ministere de I’Education Nationale, de la
Recherche et de I'Innovation” under reference APAFiS #25221.
Swiss OF1 mice (Charles River Laboratories) were habituated to
the animal facility at least 3 days, and surgeries were performed at
the embryonic stage of E17.5. We observed that this developmen-
tal stage allows high rate of pup’s survival (~65%).

3.4.1 Material and A Hamilton syringe was connected to the pump by a plastic capil-
Equipment Settings lary, at the end of which a sterile glass micropipette was fixed (~
50 pm diameter). Parafilm can be used to tightly connect plastic
and glass micropipette. Before each surgery, the Hamilton syringe
was filled with sterile distilled water and placed in a Harvard pump.
A set of glass injection micropipettes were prepared by hand, using
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the needle puller, without any further autoclaving. These are the
only type of needles that can be used for in utero injection. Once
embryos were ready to be injected, the glass micropipette was
carefully filled with cell suspension (~10° cells/pL), to avoid the
formation of air bubbles. Injection settings were as follows: infu-
sion rate, 30,000 pL/min; target volume, 2 pL; and diameter,
0.4600 mm. Depending on experimenter, the injection can be
performed using a magnification loupe or under a dissection micro-
scope, or directly without any magnification device. At the stage
E17.5, the ventricles can be easily distinguished in the Swiss OF1
mouse strain. Cold light and sterile surgical instruments are neces-
sary and should be ready to use.

3.4.2  In Utero Surgery Before their grafting, cell suspensions were prepared according to
Procedures the protocol described in Subheading 3.2 and kept in a water bath
at 37 °C. For the in utero approach, the injection solution also
contains 20 mM EGTA [11, 20] in sterile DPBS to dissociate apical
junctions in the neuroepithelium and avoid cell aggregation upon
transplantation. For transplantation, we injected 2 pL containing
2. 10° cells within one lateral ventricle of E17.5 embryos. Thirty
minutes before surgery, buprenorphine (0.05-0.1 mg/kg) was
injected subcutaneously at the back of the neck of pregnant
mouse, for initial analgesia. The pregnant mouse was then anesthe-
tized in a box with isoflurane and oxygen delivered via a continuous
flow anesthesia unit and then placed on a heating pad which was
also connected to the anesthesia unit. A drop of Ocryl gel was
applied on each eye to avoid eye dryness. The abdomen was shaved
locally for ventral laparotomy at the white midline level. A betadine
solution was applied on the skin, and then rinsed with 70% ethanol
using cotton swabs. A lidocaine gel was applied locally, before and
after the laparotomy. Before starting the surgery, the sterile towel
drape was positioned on the mouse abdomen. An incision of
1-1.5 cm was made in the lower abdomen in a manner to cut
both the skin and the thin fascia layer. Abdominal organs should
not be injured during this critical step. The whole uterus was
carefully extracted from the abdomen, right and left ovaries were
identified, and the total number of fetuses was counted. During
surgery, drops of sterile PBS kept at 37 °C were consistently applied
on the exposed fetuses. Then, each fetus was held to clearly identity
the lateral ventricle. The fetus was stabilized between the thumb
and forefinger within or close to the amniotic cavity. Any fetus
rotation or damage should be avoided as it can affect embryo
survival. The sharp glass pipette was carefully inserted through
the fetal skull, and cells were injected into each fetus, except the
first one to be delivered, on each uterine horn. After the injection,
the pipette was carefully withdrawn with well-controlled move-
ments. Note that leakage of amniotic fluid should not be observed.

152



Humanized Mouse Models and Neural Development 147

Injections should not take more that 15-20 min per mouse. If the
duration of injection is longer, some of the injected fetuses can be
put back into the abdomen to keep them at the body temperature.
Then, the uterus was caretully reentered into the abdominal cavity
in a way to avoid any twist between the embryos and with a
controlled holding pressure. The peritoneal cavity was rehydrated
with 0.5-1 mL of sterile PBS to replace any fluid loss during the
surgery. Then, the incision was closed with two types of sutures: for
fascia and skin, we used sterile resorbable suture (ProlcneTM,
EH7471, Ethicon, LLC) and non-resorbable suture (Coated
Vicryl, V302, Ethicon, LLC), respectively. After the surgery, the
pregnant mouse was replaced in its own cage and positioned on a
warming pad until the mouse was fully awake. Analgesia treatment
(acetaminophen 4 mg,/20 mL) was administered in drinking water
for 3-5 days after the surgery, and stress (noise, excessive manipu-
lation of cages, etc.) was minimized to avoid preterm delivery.
Hydrogel was also given to mice for 1 day after surgery. We
observed that grafted cells’ distributions and density may slightly
vary between each embryo, due to a possible aggregation of cells in
the pipette and during injection. We could observe that the pres-
ence of EGTA significantly reduces cell aggregation, and increases
the possibility of identifying single cells within the mouse brain, as
described previously [11].

For a first in utero test or training, it is reccommended to inject
1-2 pL of fast green or bromophenol blue solutions, without cells.
If correctly injected into lateral ventricle, the solution will immedi-
ately fill the whole embryonic ventricular systems. In that case, the
pregnant mouse and embryos should be sacrificed immediately by
profound anesthesia followed by cervical dislocation.

3.5 Grafting into the The protocol for cell preparation is identical to that for in utero
Dentate Gyrus of Adult  grafting. Experiments were performed with adult NOD-SCID
Mouse Brain mice (Charles River Laboratories).

As for in utero grafting, the mice received an injection of
buprenorphine (0.1 mg/kg) for initial analgesia 30 min before
anesthesia by isoflurane. The mouse was placed on a stereotaxic
frame connected to an isoflurane unit and to a heating pad. A drop
of Ocryl gel was applied on each eye to avoid dryness. The skin was
shaved and cleaned with betadine followed by 70% ethanol. For a
local anesthesia, 150 pL of lidocaine (7 mg/kg) were injected
subcutaneously at the skull level at least 10 min before the skin
incision. Using a driller, two holes were done at the following
coordinates A/P: —1.8; M/L: +/—1.25 for targeting the
DG according to the Paxinos and Franklin Atlas [21]. Twenty
nanoliters of cell suspensions were injected bilaterally at a rate of
3 nL/s in three steps along the D/V axis: 15 injections at —1.82
depth, 20 at —1.76, and 15 at —1.72 to achieve a final volume of
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1 pL/hemisphere. To ensure reproducible injection volumes, we
recommend to wait 10 s between each injection and 5 min before
removing the glass capillary from the brain tissue.

For mouse recovery, Metacam (0.05 mg/kg) and 200 pL of
sterile saline were injected separately subcutaneously before the end
of anesthesia (~50 pL/mouse). As post-operatory care, Metacam
(1 mg/kg/day) diluted in diet gel was given for at least 3 days.
Mice were monitored for 5 days.

3.6 Immuno- For immunofluorescence labeling, mice received a lethal dose of a
fluorescence Labeling mixture of ketamine (Imalgen, 100 mg/kg, Merial) and Xylazine
(Rompun, 10 mg/kg, Bayer), and were transcardially perfused with
15 mL of DPBS, followed by 50 mL of ice-cold 4% paraformalde-
hyde (PFA). Brains were removed and post-fixed overnight. Forty
pm-coronal sections were obtained using a vibratome or a micro-
tome, collected in 12-well or 24-well culture plates containing
DPBS supplemented with 0.02% azide, and stored at 4 °C until
use. Free-floating sections were rinsed twice in DPBS (pH 7.4) and
then incubated in DPBS solution containing 0.5% Triton X-100
and 10% serum at room temperature for 30 min to block nonspe-
cific binding. Primary antibodies were diluted in blocking solution
and incubated overnight at 4 °C. In order to improve the labeling
of neuron morphology, immunofluorescence was performed using
an anti-GFP antibody in permeabilized conditions. An additional
DAPI staining diluted in DPBS was performed for 10 min at room

temperature.
3.7 Representative In this chapter, we describe three different approaches for grafting
Data the human NPC which result in the integration of human cells into

the brain of adult mouse. Figure 1 illustrates the different steps of
the protocol which we used for amplification, banking, and labeling
of NPC before their grafting. We have previously shown that the
neonatal engraftment of human NPC can lead to neurons that are
able to differentiate into glutamatergic neurons [12, 15]. Figure 2
illustrates the precise site of injection and the cortical graft contain-
ing a large density of neuronal cell bodies together with numerous
axonal projections within distinct brain regions. The full cartogra-
phy of axonal projections in the brain has been published elsewhere
[15]. Using the same human NPC, we set up the grafting into the
lateral ventricle of mouse embryo (E17.5). Our results show that
2 weeks after their grafting, the cells are able to integrate within the
brain parenchyma and start to migrate along known migratory
pathways including cingulum bundle, corpus callosum, and fimbria
(see Fig. 3a). At this early stage of post-grafting, a large number of
cells remain close to the injection site. By contrast, the cells are
found to be more dispersed after 1 month and in the process of
integrating the distinct brain regions including the striatum (see
Fig. 3a, b). Two months post-grafting, the cells start to

154



Humanized Mouse Models and Neural Development 149

Fig. 2 Engrafting of human iPSC-derived NPC into the cortex of newborn mice. (a) Intracranial injection of
human iPSC-derived NPC into the cortex of neonatal mice. The lambda and bregma landmarks are used to
target the motor cortex as indicated in red. The injection site is located approximately 1 mm posterior to the
bregma and 1 mm lateral to the sagittal suture, with 1 mm depth, as indicated by the red symbol. (b)
Representative engraftments into the cortex of 50-day-old mice after neonatal injection of NPC. Graft location
within the somatosensory cortex. Most of GFP-labeled neurons remain within the graft site, and extend their
dendrites. (c) Axonal projections within the somatosensory cortex (bregma ~ —0.955 mm). (d) Axonal
projections in the somatosensory cortex (bregma ~ 1.545 mm). (e) Long-range axonal projections in the
retrohippocampal region (bregma ~ —2.78 mm) (f) Long-range axonal projections in the somatosensory
cortex (bregma ~ —2.78 mm). Scale bars = 200 um

differentiate into excitatory cells (see Fig. 3c). At this stage, the
co-localization of VGlut labeling with the human cells is observed
both in neuronal cell bodies and projections (see Fig. 3¢). Figure 4
illustrates the grafting of the human NPC into the dentate gyrus
(DG) of adult immunodeficient mice, 3 weeks post-grafting. Our
data show that cells can survive and integrate within the hippocam-
pal structures following a stereotaxic injection in adult mice.
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Fig. 3 Engrafting of human iPSC-derived NPC in utero, at different time points after transplantation. (a)
Representative engraftments at 2 weeks post-transplantation (2 WPT) (bregma =~ —0.1 mm) (upper panel)
and at 1 month post-transplantation (1 MPT) (bregma ~ —0.94 mm) (Lower panel). Graft core remains close
to the lateral ventricle (LV) area. All pictures were taken using a 10x objective. Scale bar of mosaic (left
panel) = 500 um and scale bar of pictures (right panel) = 200 um. (b) Projections of human NPC along
different brain regions (cing cingulum bundle, /LA infralimbic area, cc corpus callosum, ST striatum area) at
3 MPT at 10x magnification (scale bar = 500 um). In green, GFP-labeled human NPC and in blue cell nuclei
stained with DAPI. (c) Excitatory phenotype of grafted human NPC shown by VGIUT expression at 63 x
maghnification (scale bar = 30 um), and at 2 MPT

4 Notes

1. The use of humanized chimeric mouse models allows the study
of neuronal development and associated pathogenesis and neu-
rodegenerative diseases using human cells in an in vivo condi-
tion. Under the experimental approaches described here, the
neonatal grafting allows the grafted progenitors to predomi-
nantly differentiate into excitatory neurons which can mature,
migrate, and project their axons in different brain regions. The
iPSC technology has offered the possibility to study some
specific phenotypes, including cell differentiation and matura-
tion, neuronal morphology, and functional activities by electro-
physiological recordings of cultured cells under in vitro
conditions [4]. However, in vitro models using human iPSC-
derived neurons are limited as they do not ofter the possibility
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Fig. 4 Engrafting of human iPSC-derived NPC into the dentate gyrus (DG) of adult mice, at 3 weeks post-
injection. Representative engraftments into the hippocampus area of NOD-SCID mice as shown by the graft
core in the DG (bregma = —1.80 mm) (a) and projections (b) at low (left panel) and higher (right panel)
magnifications. Low magnification mosaics are taken with a 10x objective (scale bar = 1000 um) and higher
magnification pictures with a 20 x objective (scale bar = 100 um). All pictures were acquired as a Z-stack
with a confocal microscope to maximize the graft detection. In green, GFP-labeled human NPC and in blue cell
nuclei stained with DAPI

to study disease pathogenesis at different stages of brain matu-
ration within a such complex environment, and in the presence
of external cues that are necessary for neuronal patterning. As
shown in Table 1, the neonatal grafting of iPSC-derived neu-
ronal progenitors has been successfully used by several authors.
By comparing neonatal and in utero grafting, we observed that
in both cases, the engrafted cells form initial clusters during the
first month post-grafting which tend to remain over time, at
least up to 7 months [12]. For neonatal grafting, it has been
shown that grafted NPC appear to respond to region specific
signals and are also responsive to neural patterning cues in vitro
[4, 12, 41]. These human cells progressively expand and
migrate in the murine forebrain. It has been difficult to under-
stand to what extent the undifferentiated NPC or the imma-
ture neurons can integrate and recapitulate physiological
neurogenesis in vivo. Moreover, most studies have been limited
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due to the use of immunodeficient NOD-SCID mice, which
have the tendency to form tumors at 7-8 months of age
[49]. So far, these issues have not been considered for studying
neurodevelopmental disorders. Interest has been focused on
carly stages of neuronal maturation, which has allowed the
discovery of a panel of morphogenetic abnormalities that are
linked to early development of neurons with ASD-associated
mutations [15, 50]. It should also be noted that transplanted
human PSC-derived NPC can be tumorigenic, if contaminated
with residual pluripotent stem cells with sustained proliferation
of residual stem cells [51]. As shown in Fig. 1, we used the
SMAD inhibitor SB431542, based on previously reported
studies [17], in order to avoid abnormal cell proliferation.
For in utero grafting, we observed large densities of graft-
derived fibers projecting into migratory pathways and in the
host tissue as early as 15 days post-grafting (see Fig. 3). The in
utero grafting method presents some advantages as it can be
applied to immunocompetent mice with no graft rejection and
no inflammation at injection sites (data not shown), while
mouse neurogenesis continues which may favor further devel-
opment of human cells.

Our results indicate that the cells can survive at least for
3 months after grafting and give rise to glutamatergic neurons
(see Fig. 3). We also observed that they develop dendritic spines
after neonatal grafting (data not shown), using the same
GEFP-labeled human iPSC line [15]. To our knowledge, there
is no report on the in utero grafting of human iPSC-derived
neuronal cells in rodent brain. The available data from using
mouse embryonic cells grafted in the brain of rat embryos were
analyzed within 7 weeks post-grafting [22]. However, human
cells are expected to be found uniformly throughout the brain
regions, including hippocampus, cerebral cortex, and striatum
at later stages, up to 13 months, as observed in neonatally
grafted mice [41]. Finally, we describe the grafting of NPC
within hippocampus of the adult mice. This grafting method
may help targeting a specific brain region, and to analyze more
specifically how grafted cells can integrate within specific cir-
cuits. We illustrate this approach with NPC giving rise to
excitatory neurons after grafting into the dentate gyrus of
hippocampus. The same approach could be applied to inter-
neurons that can be derived from human iPSC as well
[40]. Interestingly, interneurons represent a large and diverse
population of hippocampal neurons that are critical for infor-
mation and memory processing. By grafting well-characterized
mature interneurons, it is possible to identify more specifically
how a specific human interneuron subtype may morphologi-
cally and functionally interact within the surrounding host
cells.
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2. Neurodevelopmental disorders are either due to various inher-
ited mutations or acquired causal factors, and lead to dysfunc-
tion of brain development and cognitive deficits.

The pathogenesis of neurodevelopmental disorders has not
been well elucidated, and no effective treatment has so far been
found for these disorders. The establishment of accurate mod-
els which allow to investigate neurological disorders represents
an important step toward better understanding and appropri-
ate treatment of neurodevelopmental pathologies. To study the
brain-associated diseases in vitro has been not possible, and to
obtain the tissues from human brain represents a difficult alter-
native. The use of patient-derived iPSC, however, offers a
unique opportunity to investigate pathological changes that
may occur in the brain at early stages of neuronal development.
In addition, human iPSC provide an auto-renewal source of
cells which are identical to the donor [52]. Under the action of
specific growth and transcription factors, they can differentiate
into neurons of different phenotypes that are found within the
six cortical layers, including excitatory and inhibitory neurons
[53]. The grafting of iPSC-derived neurons into mouse brain
offers the possibility to decipher cellular mechanisms in differ-
ent temporal windows, from the neurogenic stages with undit-
ferentiated cells to later stages of well-differentiated mature
neurons, under control and pathological conditions. For
genetic diseases, the iPSC from patients carry the genetic pat-
tern of mutations from these donors and should display similar
pathological and phenotypical changes. For autism spectrum
disorders (ASD), recent studies have shown that the events
underlying such disorders can occur during neonatal develop-
ment, together with strong synaptic defects that are known to
occur at later stages of development. In a previous in vitro
study, we investigated the iPSC-derived pyramidal cortical neu-
rons from patients with ASD carrying de novo heterozygous
mutations in the postsynaptic SHANKS3 protein. SHANK3 is a
synaptic scaffolding protein located at the postsynaptic density
of excitatory synapses [54]. The haploinsufficiency of
SHANKS3 gene provokes a developmental disorder known as
the 22q13.3 deletion syndrome (or Phelan-McDermid syn-
drome). SHANKS3 gene is also associated with pathogenesis
and neuropathology of ASD, which involves synaptic dystunc-
tions and an imbalance in synaptic excitation/inhibition ratio.
Using iPSC-derived neurons from ASD patients, we observed
altered spinogenesis in all the patients who were included in the
study [16]. In a subsequent study, we used the same cells from
a control individual at precursor stages (NPC), and trans-
planted them into the cortex of newborn mouse brain
[15]. We analyzed the integration of NPC, the maturation of
the derived excitatory neurons, and their axonal projections
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into the adult brain. We then co-transplanted the NPC from a
control individual and from a patient carrying one de novo
heterozygous mutation in SHANKS3. In human neurons with
the SHA NK3 mutation, we observed a reduction in cell soma
size of selective neuronal populations and in axonal projections,
as compared to control neurons, at 30 days post-
transplantation. However, we did not observe any alteration
in spinogenesis at this early stage, which are expected to occur
at later stages of development. This indicates that in vivo mod-
els can recapitulate the early stages of the disease, which may
help understand the initial mechanisms before the appearance
of the well-described phenotypes observed in mouse models or
in human cells kept in culture.

3. One of the strong aspects of our different grafting approaches
is that humanized mouse models can be used for both neuro-
developmental and neurodegenerative diseases, depending on
the stage at which the phenotypes of grafted cells are evaluated.
At the early stages of development, regulation of cortical neu-
rogenesis is very important as it is involved in neuronal fate
[55]. For example, recent discoveries point out the permissive
role of the amyloid precursor protein (APP) in the regulation of
human cortical neurogenesis [56]. APP is also the precursor of
B-amyloid peptide which can lead to progressive accumulation
of f-amyloid oligomers, followed by their aggregation in amy-
loid plaques, one of the major hallmarks of the neurodegenera-
tive Alzheimer’s disease (AD). It would be possible to test
whether the physiological functions of APP are related to the
onset of AD, using in vivo approaches such as mouse chimeric
models, xenografted in utero and appropriate genetic tools, to
tfollow and control the production of endogenous APP within
the whole brain or locally in specific brain regions. Humanized
mouse models not only offer the possibilities to decipher the
early events which underlie neuronal maturation and plasticity
but also to investigate the pathological events that occur in the
brain of patients with neurological disorders, including those
with AD. Such models should also facilitate the preclinical
evaluation of therapeutic measures and treatments as well as
their consequences within the human neurons, in vivo. Finally,
these models can help to set up appropriate transplantation
therapies using neural stem cells. The xenografting strategies
offer the possibility to compensate neural loss and neural tissue
injury and should allow the discovery of therapeutic strategies
for the future, in the context of both developmental disorders
and degenerative diseases. One main challenge will be to face
the complexity of human brain and consider its unique spatial
and temporal development.
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2. Towards better models of AD

Drug discovery in clinical AD research has proven to be a major challenge, with promising pre-clinical
data often failing to translate into successful human trials. This translational gap can be attributed, in part,

to inadequate pre-clinical models that fail to accurately mimic the complexity of the human disease.

Cholinergic targeted therapies for AD have shown some success, with AChEI improving cognitive
symptoms and quality of life in patients. However, these therapies only offer short-term relief and do not
modify the disease progression 2. More recently, there has been growing interest in the targeted
modulation of the a7-nAChR receptor with allosteric modulators due to its interaction with AP and its
implications in early AD pathophysiology **’. Unfortunately, clinical trials of these therapies in humans
have proved to be unsuccessful. A potential explanation for the translational gap in cholinergic therapies
for AD may lie in the absence of the CHRFAM7A gene in classical pre-clinical models. As discussed in
this thesis, the gene plays a critical role in modifying both a7-nAChR and neuronal response to AP. This
highlights the need for models that include this gene and other human-specific contexts to better model AD

and reduce the translational gap.

This section briefly presents in-vitro model used to study CHRFAM?7A, before focusing on the in-vitro
method of xenotransplantation, followed by presentation of some preliminary data and discussions of future

directions for investigating the role of CHRFAM74 in AD in-vivo using this novel approach.

2.1. In-vitro iPSC differentiation and characterization

Since the discovery of iPSCs, numerous protocols have been developed, offering a wide range of
options for manipulating gene expression to produce neurons. To achieve neuronal differentiation, gene
expression can be manipulated through direct and indirect methods. Direct differentiation involves the use
of viral vectors or other techniques to forcefully express transcription factors that are crucial for neural

development (reviewed in

). On the other hand, indirect methods, such as the one utilized our study,
involve the use of pharmacological agents to manipulate iPSCs *!#332%3% These agents mimic the
signaling pathways involved in neurodevelopment, thereby inducing a neuronal phenotype, and preventing
the cells from adopting non-neuronal fates. Commonly used techniques for neuronal induction include the
formation of embryoid bodies and the inhibition of the TGF-B/SMAD signaling pathway (dual SMAD

inhibition).

178



To investigate the role of CHRFAM?7A in-vitro, a specific protocol was employed to differentiate cells into
MGE-interneuron progenitors 2. Interneurons exhibit elevated levels of nAChR and are known to be
significantly affected in AD, making them an appropriate model for studying AD-related phenotypes **'. In
contrast to excitatory cells that follow a default differentiation mechanism, interneurons necessitate
ventralizing signals following neuronal induction. This ventralization is accomplished by inhibiting the Wnt
signaling pathway while activating the Shh pathway. Once neuronal induction and ventralization have been
achieved, further specification toward MGE progenitors is facilitated by the addition of the FGF8 factor
23125330 By precisely modulating these pathways over a period of four weeks, a young interneuron
phenotype was achieved (Figure 32). In addition, after 60 days in culture, the cells expressed interneuron
mature phenotypes, as shown by the expression of SOM. Notably, within the examined timeframe, no PV

cells were detected, which can be attributed to PV being a late marker of interneuron development **°

Figure 32. Pattern of gene

! ,
\ 7 . .
. ‘ / @ / expression used to characterize
{ R interneurons.

/

iPSC MGE-progenitor Migratory Interneuron Mature Interneuron After four Weeks Of differentiation
. 9
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[Nio2.1 interneurons showed a progenitor
Dix1

/migratory interneuron phenotype

= characterized by the expression of

Tujl
GADI progenitor markers like DIx1 and

= Nkx2.1,  interneuron  migratory

PV

markers like Dcx and Sox6, and
markers associated with young neurons, including Tujl and GAD1. During the 4™ week, almost no division
of cells was detected, meaning that the majority of neurons were post-mitotic. mRNA expression of 60-
day-old revealed the downregulation of progenitor and young neuronal markers in 60-year-old cultures,

indicating progressive neuronal maturation.

For xenotransplantation experiments, iPSCs were differentiated into NPCs and subsequently into
neurons using the established protocol by Boissart and colleagues **°. This protocol has the advantage of
generating a stable and proliferative population of NPCs, which can be expanded and cryopreserved. These
NPCs can be further differentiated in-vitro, leading mostly to a majority of glutamatergic excitatory
neurons, or they can be transplanted for in-vivo studies. This flexibility allows for the generation of a

sufficient number of cells and the effective planning of transplantation surgeries. In our study, GFP-labeled
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NPCs were employed, enabling easy tracking of the cells and facilitating morphological analysis following

transplantation.

According to the previously published protocol, the neuronal phenotype was observed after 30 days of

culture >

. A comparison between 30-day-old neurons and NPCs revealed a reduction in progenitor markers
such as Nestin and Pax6, accompanied by an increase in markers indicative of young to mature neurons,
including Tuj1, Cuxl1, CTIP2, VGAT, and VGLUT. As neurons and glia share a common progenitor, the
presence of a certain percentage of astrocytes (GFAP-positive) could be expected in the neuronal cultures.
Moreover, it has been observed that extensively passaged NPCs may exhibit a higher proportion of GFAP-
positive cells **2. Given that the NPCs utilized in this study underwent approximately 28 passages prior to
transplantation experiments, it was crucial to confirm the absence of high astrocyte proportions in the

culture. Encouragingly, no GFAP-positive cells were detected in the cultures, validating the predominance

of neuronal populations.

2.2. Xenotransplantation - in-vivo model

The transplantation of hiPSC-derived neurons into the mouse brain offers a valuable opportunity to
study these cells under more physiological conditions and for extended periods of time. With the aim of
better modeling complex neurological disorders, significant advances in the field have been made in the
past years. Two main transplantation techniques are used: transplantation into the brains of adult mice and
transplantation into neonatal mice *****°. Each technique has distinct advantages and limitations that must
be considered. However, both approaches face two significant challenges. The first challenge involves the
formation of graft bulks, where the transplanted cells remain isolated rather than integrating into the existing
tissue, resulting in limited integration and immature development ***2%, The second challenge involves
graft rejection, which forces the use of immune-suppressed mouse models, which are fragile and not always

ideal for modeling the specific disease of interest.

To address and overcome these challenges, we proposed a new option of transplantation of NPCs, at
embryonic stages. At this developmental stage, the final laminar positioning of neurons and circuitry is not
yet established, potentially providing an advantage for the transplanted neurons to migrate and integrate
more effectively within the host brain. Furthermore, the host immune system is not fully developed during

embryonic stages, potentially leading to improved tolerance for the human cells and reduced graft rejection.
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2.2.1. Migration, maturation and integration of grafted cells

To develop well-integrated grafts, two different injection methods, previously utilized in neonatal
xenografting, were investigated. The first method involved injecting cells into the LV of the developing
brain 2424424639 By applying appropriate pressure during injection, cells could penetrate the ventricular
wall and integrate into the SVZ, where mouse neuronal precursors originate. While this method offers the
potential to better mimic neuronal development and achieve improved graft integration, several technical
challenges arise. These include laborious screening of successfully injected brains prior to downstream

experiments, dispersed neuronal distribution with harder characterization, and variability within injections.

The second technique tested involved directly transplanting cells into the neocortex. This
transplantation approach has shown success in neonatal brains 7%, Although this method presents
potential solutions to some of the challenges mentioned earlier, it also poses limitations. Specifically, the
formation of dense graft cores consisting of non-integrated cells with limited maturation phenotypes has

been reported with this technique.

2.2.2. Cell migration and axonal projection pattern

Embryonic neurogenesis in mice takes place between embryonic days (E) 11.5 and E16.5. During this
period, neuronal cells originate in the SVZ and undergo tangential migration along the radial glia processes.
This migration follows an "inside-out" pattern, where early-born neurons occupy deeper layers of the
cortex, while late-born neurons populate the more superficial layers (reviewed in ***). While it has not been
confirmed if transplanted cells naturally exhibit this migration pattern, the transplantation into the LV
creates an environment conducive to migration and integration. The hope is that the transplanted cells will

migrate in a similar manner to endogenous neurogenesis.

Transplantations described in Results: Article 2 were conducted at E17.5. Although embryonic
neurogenesis is almost completed at this time point, previous studies have demonstrated that cells can still
migrate along the radial glia present even in neonatal stages **°. Consistent with other studies involving
transplantation into the LV of neonates, cells transplanted in-utero were observed close to the LV and
surrounding brain regions one-month post-transplantation (IMPT) #2424 By 3 MPT, these cells had
migrated further to structures such as the septum, cortex, hippocampus, thalamus, basal ganglia, and

preoptic areas. Notably, unlike other studies the NPCs transplanted at embryonic stages did not migrate to
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the olfactory bulb, suggesting a potentially lower engagement of these cells with the rostral migratory
stream (RMS) 24324,

The RMS serves as a crucial migratory route connecting the SVZ of the LV to the olfactory bulbs.
During embryonic development, newly born neuroblasts rely on this pathway to migrate to the olfactory
structures. It is noteworthy that the RMS remains active in the adult brain, primarily utilized by interneurons
during adult neurogenesis. After birth, specialized astrocytes form a tubular structure around the RMS,
serving as a scaffold for migrating progenitors. The formation of the RMS occurs between E15 and E17
before gliogenesis takes place. While neuroblasts can migrate independently of glial support during this
period, the astrocytic tube becomes essential for the migration of neuroblasts during adult neurogenesis

(reviewed in **

). Considering that NPCs were transplanted during embryonic days when the RMS is being
formed and astrocytes are unavailable to aid migration, it is plausible that there is a reduced inclination of
the transplanted cells to utilize this pathway. This potential discrepancy may help explain the observed

differences between the experiments presented here and previous data on neonatal transplantations.

In addition to assessing the location of the transplanted cells, it is crucial to evaluate their axonal
projections as an indication of their integration into the circuitry and neuronal properties. Consistent with
other studies cells transplanted in the LV exhibited dense axonal projections in fibral structures such as the
corpus callosum and the septum ***. Furthermore, human axonal projections were observed exclusively in
cortical structures, including the hippocampus, thalamus, and basal ganglia, with no extra-cortical
projections detected. Consistent with the mapping of cell somas, no projections were found in the RMS,

confirming that the transplanted cells did not participate in the migratory path.

NPCs transplanted into the PFC exhibited minimal migration and remained in proximity to the injection
site. Similar to reports from neonatal transplantations, a graft core was observed in the superficial layers of
the cortex, with progressively more integrated cells found in deeper layers 2*****. Although a bulk graft was
present in the brain, a much smaller size with no sign of proliferation or change in brain morphology was

observed.

2.2.3. Maturation

The speed of maturation and neuronal development differs between species. The human brain develops
at a much slower pace than the mouse. Studies in-vitro and in-vivo have shown that neuronal differentiation

and maturation are controlled by both intrinsic, cell-autonomous programs and environmental influences.
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Interestingly, Vitrac et all showed that hiPSC-derived NPCs differentiated in culture showed more mature

phenotypes than neurons transplanted in the cortex of mouse neonates at similar time points ***.
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Figure 33. Time scale of human vs mouse neurogenesis.
Both species have inside-out patterns of the cortical layers as deep layers (VII, V) are generated before
superficial layers (IV, III/IT). Nevertheless, the speed of neurogenesis is much faster in mice when compared

to humans, taking 6-7 days in mice while almost 22 weeks in humans .

To evaluate hiPSC-derived NPCs maturation and phenotype in the xenografted model described in
Results: Article 2, an immunohistochemistry analysis of differentiation markers was performed. Since the
NPCs were treated equally in-vitro prior to transplantation, we were able to directly assess whether different
physiological cues from the host environment resulting from different injection techniques could impact

the cells’ maturity status.

Markers indicating proliferative cells (Sox2), young neurons (B-III tubulin), post-mitotic neurons
(NeuN), and excitatory pyramidal cells VGLUT were evaluated. Consistent with the presented in-vitro data,
both PFC and LV grafted cells showed no expression of the proliferative marker Sox2. Young neurons
labeled with B-III tubulin were predominantly detected in the superficial layers of the PFC graft at | MPT
and to a lesser extent at 3 MPT. This supports the idea that cells in graft cores differentiate more slowly, as
observed in neonatal studies **°. Post-mitotic cells labeled with NeuN were detected in cells after PFC
transplantation in the deep part of the graft, but only a very small number in LV transplants after 3 MPT.
Interestingly, while the vGLUT]1 excitatory cell marker was detected in both conditions, in LV transplants,

vGLUT was only present in dendritic shafts, whereas in PFC transplanted cells, it was also present in spines.

Overall, our results suggested a potential higher neuronal maturity phenotype in cells transplanted in

the PFC compared to those in the LV. Although human neoteny is conserved and possibly guided by internal
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cues, external signaling can alter the cells’ speed of development. However, the characterization of these
cells was based on observations, and further, more precise quantitative analysis should be done to confirm
these findings. To address this need, we have initiated a project aimed at employing 10X single-cell
genomics, a cutting-edge technique that enables the sequencing of individual cells at a high resolution. This
powerful tool will provide us with a deeper understanding of the molecular profiles and functional
properties of the transplanted cells, thereby offering valuable insights into their development, maturation,
and integration. It would be interesting to see possible differences in gene expression patterns that could be

influenced by the different environments to which the transplanted cells are exposed.

2.2.4. Integration

The integration of cells into a circuitry resides in the ability of cells to establish connections within a
network. In embryonic development, once neurons have migrated and positioned themselves within the
cortical layers, they begin to establish contact with each other, a process known as synaptogenesis. This
primarily occurs during early postnatal life in mice and during childhood in humans. During this period, an
excess of synapses is formed, which are subsequently pruned through a process of elimination. In

adulthood, although synaptogenesis occurs with less intensity, it remains essential for brain plasticity and

learning. Therefore, dysfunction in this mechanism can lead to neurological disorders (reviewed in **¢)
(figure 34).
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In glutamatergic neurons, as well as some interneurons, synapses are formed on small dendrite
protrusions called dendritic spines. These specialized structures house all the necessary components for
post-synaptic information transmission and play a crucial role in synaptic connectivity. Spines can be

classified into different categories based on their morphology **’. For the study of the in-vivo model
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presented here, four categories were included (Figure 35). While filopodia and stubby spines are mostly
present in developing neurons and have short lifetimes, thin and mostly mushroom types represent more
mature spine structures. Thin spines are plastic and are believed to be important for learning and mushroom

spines are more stable and thought to play important roles in long-term memory storage.

Figure 35. Spine category morphology.
Filopodia and thin spines are characterized by

longer necks compared to stubby and mushroom

8 o /| . .

Filopidia Long Thin stubby Midscrhioom spines. Filopodia and stubby spines do not possess
Length<4pum Mean width (head) > Length<1pum Length spine < 3 um a dIStlnCt head reglon’ Whlle thln Splnes haVe
(no head) Mean width (neck) Max width (head) > Mean width . 308

(neck)x2 smaller heads compared to mushroom spines *.

Using 3D reconstruction, we compared the spines of NPCs transplanted in the LV or the PFC at
two different time points. In terms of spine categories, all transplants showed a majority of filopodia,
indicating a rather early developmental stage of the transplanted cells. Nevertheless, PFC transplanted cells

at 3 MPT showed a significant increase in Stubby spines.

In addition to spine categories, several morphological measurements within the spines can be
analyzed to determine the maturity and strength of synaptic connections. Mature and established synapses
are characterized by a larger head volume and overall spine volume, indicating a robust connection. On the
other hand, less mature spines exhibit smaller volumes, often accompanied by elongated necks. This
shrunken morphology represents a less mature phenotype, suggesting an early stage of synaptic
development. In our experiments, NPCs transplanted in the LV showed increased maturity of spines defined
by bigger head volumes and shorter necks when comparing 1 MPT and 3 MPT. After 3 MPT, NPCs
transplanted in the LV showed morphologically more mature spines than PFC-transplanted cells. While in
LV transplants, head volumes measured an average of 0.26 pm® and 0.36 um® (1 MPT and 3 MPT,
respectively), spine head volumes measured 0.16 um® and 0.22 pm?® in PFC transplants. In adult humans
0.35 um?® (40 years-old) and 0.38 um® (85 years-old) have been reported, while in adult mice (8 weeks-old)
spine head volumes are about 0.17 um® **. Therefore, spines in neurons transplanted in the LV showed
comparable spine head volumes to human adult neurons after 3 MPT. Spines of neurons transplanted in

the PFC showed more immature morphology similar to the mouse adult cortex.

In addition to morphology and spine category, the density of spines can also give some insight into

the integration of the neurons in the circuitry. In this case, cells transplanted in the PFC showed a 4-fold
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increase in spine numbers when compared to the other conditions. A comparison between spine density

observed in the in-utero xenografting model and other studies is presented in Figure 36.

15

10

Spine density / 10 pm

0-+—,ﬁ,ﬁ_l T T T T

In-utero  In-utero Organoids Neonates In-utero Neonates Organoids Neurons In-utero Mouse Human
Lv PFC in-vitro Lv Lv PFC Cortex in-vitro PFC Adult Adult
1 MPT 1 MPT 7-8M 3 MPT 3MPT 1,5 MPT 7-8M 1,5M 3 MPT 2M 40Y
Figure 36. Spine density in various in-vitro and xenografting techniques.
Our method of in-utero transplantation is represented by the red data in the graph. At 1 MPT, our transplants
exhibit relatively low spine density. However, at 3 MPT, the spine density of our LV transplants becomes

310

comparable to that observed in organoids cultured in-vitro for 7-8 months ** and LV transplants in neonates

26 Our PFC transplants at 3 MPT demonstrate higher spine density compared to other models, such as in-
vitro neuronal cultures, cortical transplantation of organoids and neonate transplants at 1.5 MPT 24310,
Nevertheless, the spine densities observed in our transplants remain significantly lower than those found in

the mouse and human adult brain 3",

2.2.5. Graft rejection and immune tolerance

The xenografting model presented here challenges the use of immune-deficient mice by transplanting
cells at the embryonic stage into immune-competent mice. In the brain, two main types of cells potentially
contribute to the rejection of allogenic neurons: T-cells that can infiltrate the brain from the cerebrospinal
fluid, and microglia, which are the resident macrophages of the brain. It is important to note that mature
T-cells can be detected towards the end of fetal development and undergo a significant proliferation after
birth *'3. Microglia, on the other hand, are generated as early as E8 and migrate into the brain in multiple

waves from E10.5 to E17.5 *".
In the presented model, human NPCs were transplanted into immune-competent mice, and at 3 MPT,

the presence of human cells was observed without any signs of apoptosis. In contrast, Nato and colleagues

reported complete rejection of transplanted NPCs after 1 MPT using a similar transplantation method *%.
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These discrepancies could be attributed to several factors, including the type of cells and their
differentiation stage, the mouse host at the time of transplantation, the injection site, or the host strain used.
An interesting hypothesis proposed by Nato and colleagues suggests that the immunogenicity of human
neurons is influenced by their developmental stage. They hypothesize that young human neurons, which
develop slowly, may have lower immunogenicity when transplanted during the host's immune system
development. However, as human cells continue to develop after transplantation, epitopes that emerge at
later stages might be recognized by the fully developed mouse immune system, leading to graft rejection.
It is worth noting that in our in-vivo model, we used NPCs at the time of transplantation, while Nato and
colleagues used post-mitotic neurons. Thus, it is possible that the "mature immunogenic epitopes" arise

earlier in their transplants compared to those observed in our study, resulting in an early rejection at 1 MPT.

Although we did not observe cell death after 3 MPT, we did observe the recruitment of microglia,
which exhibited an active phenotype, particularly in the PFC transplants. Microglia have been shown to
have a dual role, as they can be both beneficial and detrimental. On one hand, they phagocytose cellular
debris and release trophic and anti-inflammatory factors, which can be beneficial. On the other hand, they
can produce inflammatory cytokines, leading to detrimental effects (reviewed in *'°). Therefore, the
presence of microglia in the PFC area could indicate the initiation of graft rejection or a protective role in
clearing non-surviving NPC debris. Additionally, it is possible that the presence of a scar from the injection

site in the region could induce microglia recruitment.

It is important to note that when screening some brains at 4 and 6 MPT, we were unable to detect grafted
human cells at those time points. This could be due to graft rejection or simply the unlucky selection of
non-grafted pups. To reduce potential biases associated with surgeries or litters, pups from a single litter
were gradually perfused at different time points. Since we did not dedicate a whole litter to studying a
specific time point, we cannot determine whether the absence of grafts was due to graft rejection or the

random success rate of the grafting method.

Further exploration at longer time points should be conducted to assess the long-term viability and
absence of rejection of the transplanted cells. If rejection is detected, several improvements can be
considered. Firstly, one potential improvement is to explore transplantation at early embryonic stages.
Although technical and logistical limitations prevented us from using this approach in the current study,
earlier transplantation may take advantage of the immunomodulatory environment during early
development. Secondly, co-injecting the cells with adult epitopes extracted from older neuronal cultures or

protein extracts from adult brains could be investigated. This method, as tested by Nato and colleagues,
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demonstrated a 43% increased survival of human neurons when co-transplanted with adult epitopes after
neonatal transplantations in the cerebellum **. This approach may provide a protective environment for the
transplanted cells and enhance their long-term survival. Further studies should explore the feasibility and

effectiveness of these strategies in improving the success and longevity of grafts.

3. Future directions
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