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1. Introduction 

 

Alzheimer's disease (AD) is the most widespread neurodegenerative condition, 

causing adult-onset dementia, accounting for 60 to 80% of all cases. Worldwide, it is 

estimated that around 50 million persons are living with dementia, and the economic 

burden related to the health care of this population is approximately US$1 trillion 

annually. Moreover, it has been projected that by 2030, the number of people with this 

condition will reach 74.7 million [1, 2]. In Germany, the current incidence of AD is over 

300,000 cases per year, with an estimated prevalence of 1.6 million persons [3]. 

 

The primary cause of the disease remains unknown. Most likely, AD results from a 

complex interaction between environmental factors and individual genetic traits. [4, 5]. 

Several risk factors have been associated with AD, with advanced age as the most 

significant single risk factor [6-9]. Ninety percent of all AD patients are over 65 years 

old, and the prevalence doubles every five years [10]. Other risk factors include a family 

history of dementia, homozygosity for the apolipoprotein E gene type 4 allele (APOE4), 

traumatic brain injury, and modifiable risk factors like obesity, smoking, 

hypercholesterolemia, diabetes mellitus type 2, and hypertension [11-14].  

 

Clinically, Alzheimer's disease constitutes a progressive continuum, beginning with a 

preclinical, asymptomatic stage, in which individuals show no evidence of cognitive or 

functional decline. However, biochemical signs of the associated pathology are already 

present, as evidenced by cerebrospinal fluid analysis or imaging tests [15]. At this early 

stage, the two underlying pathological hallmarks -the progressive extracellular 

deposition of amyloid-beta (Aβ) and the formation of intracellular neurofibrillary tangles 

(NFTs)- are evident. Next, there is a stage of mild cognitive impairment characterized 

by early clinical symptoms such as anterograde amnesia, apathy, and mood 

disturbances. As the disease advances, cognitive and affective symptoms may 

intensify, coupled with motor and language difficulties. Ultimately, AD dementia 

develops [11], with the worsening of motor and cognitive symptoms resulting in severe 

disability and eventually, death [1-3, 11-14, 16].   
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There are two primary variants of Alzheimer's disease: sporadic AD (SAD) and familial 

AD (FAD), also known as autosomal dominant AD (ADAD) [17]. SAD, or late-onset 

AD, occurs in individuals over 60 years old and lacks a clear inheritance pattern. ADAD 

is characterized by early onset (before age 60) and is an autosomal dominant condition 

caused by missense mutations in one of three genes: amyloid precursor protein (APP), 

presenilin 1 (PSEN1), or presenilin 2 (PSEN2). Mutations in PSEN1 account for nearly 

90% of all FAD cases [17, 18]. More than 300 distinct mutations in PSEN1 have been 

identified [19]. These mutations show complete penetrance and lead to a dysfunctional 

presenilin 1 protein (PS1), which negatively affects the activity of the γ‐secretase 

complex, resulting in Aβ overproduction, oligomerization, and deposition. According to 

the amyloid hypothesis, this process leads to neurodegeneration and, ultimately, 

Alzheimer's disease [20].  

1.1 Presenilin 1 (PS1) Physiology 

PS1 is a 467-residue-long multipass membrane protein encoded by PSEN1, located 

in the long arm of the 14th chromosome (locus 14q24.3). It has nine transmembrane 

domains (TM) and a large cytosolic hydrophilic loop segment between TM 6 and 7. It 

is primarily located in the membranes of organelles such as the endoplasmic reticulum 

and Golgi apparatus [46]. To a lesser extent, PS1 has also been identified in neurons' 

pre- and post-synaptic terminals [47]. Endoproteolytic cleavage of the PS1 holoprotein 

produces both an amino-terminal fragment (30 kDa NTF) and a carboxy-terminal 

fragment (20 kDa CTF); NTFs and CTFs form heterodimers that constitute the 

functionally active form of presenilin. PS1 and its homolog, Presenilin 2 (PSEN2, locus 

1q42.13) [48], make up the catalytic unit -responsible for the γ-secretase activity- of a 

1:1:1:1 heterotetrameric complex [49] that includes Nicastrin, Gamma-secretase 

subunit APH1 A or B (Anterior pharynx-defective 1), and PEN2 (Presenilin enhancer 

protein 2). Although in vitro assays have shown that PS1 and Presenilin 2 (PS2) 

possess catalytic activity independently [50], the presence of the other subunits of the 

complex is necessary to achieve optimal catalytic activity [51].  

 

PS1 catalyzes the proteolysis of type I membrane proteins, notably APP and Notch 

receptors, through a process known as “regulated intramembrane proteolysis”. A 

definitive function for PS1 has yet to be established; however, over 140 substrates 
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have been identified [143], along with its involvement in various roles such as 

modulation of intracellular calcium signaling, synaptogenesis, intracytosolic trafficking 

of proteins, and the susceptibility of neurons to death by apoptosis [46,52]. Another 

crucial physiological process associated with PS1 is the regulation of signal 

transduction during development. In murine models, the absence of the PSEN1 gene, 

or its disruption, leads to embryonic or early perinatal death, outcomes most likely 

related to the interruption of Notch signaling pathways [53], in addition to severe 

developmental defects in somite and axial skeleton formation, and deficiencies in the 

differentiation of T and B lymphocytes [46, 47, 54, 52, 51]. While PSEN1 

haploinsufficiency is sufficient for the pathogenic effects to manifest, homozygosity for 

PSEN1 E280A has been reported in adult humans with early-onset dementia [55].  

1.2 PSEN1 E280A mutation and ADAD 

The E280A Presenilin 1 mutation is the most common cause of ADAD [19]. It is a 

missense mutation (A → C at codon 280), resulting in substituting glutamic acid for 

alanine at a residue in the intracellular loop of PSEN1 after its cleavage site [21, 22].  

Worldwide, the largest group of individuals bearing the E280A mutation -often referred 

to as the “Paisa mutation”- belongs to a Colombian kindred from the “Paisa” region of 

the country (Antioquia, Colombia), with more than 6000 descendants spread among 

25 families and over 1000 identified carriers of the mutation [22, 23]. 

Clinically, this population shows an early onset characterized by memory impairment 

followed by aphasia in 81% of cases. Additional clinical manifestations include 

headache (73%), gait difficulties (65%), seizures and myoclonus (45%), cerebellar 

signs (19%), and Parkinsonism (19%) [22, 24]. Although most patients develop the 

disease during the fourth decade of life, there is a broad range of onsets, spanning 

from 32 to 62 years, with a mean disease duration of 8 years [24, 23]. The variability 

in age of onset has been correlated with environmental factors, APOE allele status, 

and various loci mutations [25, 26], highlighting the role of the individual genetic imprint 

as a disease modifier. For instance, AD patients carrying the PSEN1 E280A mutation 

and the APOE2 allele experience a later onset than those without it [27]. In a 

Colombian carrier of the PSEN1 E280A mutation, homozygous for a rare variant of 

APOE, specifically the R136S-Christchurch mutation, the onset of the disease was 

delayed until the age of 70, when he presented mild cognitive impairment [28] 
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Neuropathologically, the brains of subjects with E280A-related FAD exhibit 

pronounced brain atrophy, severe β-Amyloid pathology, and cerebellar damage [28].  

1.3 Neuropathogenesis of Alzheimer's Disease  

The brains of Alzheimer's patients exhibit several macroscopic and microscopic 

features that distinguish the disease from other dementias. Macroscopically, typical 

characteristics of dementia, such as cortical thinning and atrophy, are observed. 

Microscopically, the presence of senile plaques and neurofibrillary tangles (NFTs) 

constitutes the neuropathological signature of the disease [18]. Senile plaques consist 

of the extracellular deposition of Aβ peptides, a by-product of APP processing, 

whereas NFTs are intracellular aggregates of hyperphosphorylated tau, a main 

microtubule-associated protein [18, 29].  

1.3.1 Amyloid-beta precursor protein (APP) structure and 

processing  

APP belongs to a family of transmembrane proteins, including the amyloid precursor-

like proteins 1 and 2 (APLP1 and APLP2), both present in mammals. It features a 

single transmembrane domain, a large N-terminal extracellular domain, and a short C-

terminal cytosolic domain. Only the proteolytic processing of APP results in the 

production of amyloidogenic fragments [30].  

 

The human Amyloid-beta precursor protein is encoded by a single gene (APP) that 

contains 19 exons on the long arm of chromosome 21, at locus 21q21.3. The 

alternative splicing of the APP transcript produces eight isoforms, with the 695, 751, 

and 770 amino acid residue forms being the most prevalent. The 695 amino acid form 

is primarily expressed in the central nervous system, while the latter two forms are 

ubiquitously expressed in the body [31]. Although our understanding of the 

physiological activity of APP remains incomplete, both in vitro and in vivo assays 

highlight the importance of its processing products in cellular functions such as cell 

growth and survival, motility, neurite outgrowth, increases in synaptic density, synaptic 

vesicle release, and zinc homeostasis, among others [30-33]. Furthermore, 

abnormalities in neuronal migration have been observed following the injection of APP 

RNAi into embryonic rodents [34]. 
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The synthesis of APP, which is abundant in neurons, takes place in the endoplasmic 

reticulum and undergoes glycosylation in the Golgi apparatus before exiting via the 

trans-Golgi network. Subsequently, APP is transported to the axolemma and 

presynaptic terminal through the rapid component of anterograde axonal transport, 

where it may reach the plasma membrane directly or via endosomal compartments 

[32, 33]. Once at the cell membrane, APP may undergo sequential cleavage by α and 

γ-secretase complexes without producing Aβ fragments -following the non-

amyloidogenic pathway- or it may be internalized through clathrin-coated pits and 

stored in endosomal compartments, where the proteases BACE1 and γ-secretase 

catalyze proteolytic activity resulting in the formation of Aβ fragments -following the 

amyloidogenic pathway- [4].  

 

The α-secretase cleavage of APP is attributed to several disintegrin and 

metalloproteinase enzymes of the ADAM family of proteases, among which ADAM-9, 

-10, and -17 are the most likely candidates [35-36]. This α-cleavage, which occurs 

mainly on the cell surface, generates two fragments: the N-terminal fragment, also 

known as secreted APP alpha (sAPP), and the C-terminal fragment CTF83, named 

for the number of amino acid residues that compose it. An additional small peptide 

fragment, p3, is produced upon cleavage of CTF83 by the γ-secretase complex [4, 35, 

36].  

 

BACE1 is a type I transmembrane aspartic protease, encoded by the BACE1 gene, 

located on the long arm of chromosome 11 (locus 11q23.3). It is synthesized as a 501-

residue pro-enzyme in the endoplasmic reticulum, where it undergoes glycosylation 

and acetylation. Unlike α-secretase, it interacts with APP primarily within cytosolic 

endosomes, where it cleaves at residues +1 and +11. BACE1's proteolytic activity 

results in the release of a soluble ectodomain known as sAPPβ and the cytosolic APP 

C-terminal fragment CTF99. Subsequently, CTF99 is cleaved by the γ-Secretase 

complex to generate Aβ peptides and the amino-terminal APP intracellular domain 

(AICD). The cleavage of APP CTF99 may occur at several sites, varying from residue 

+40 to +44, with residues 1- 40 being the most common [30, 31]. 
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γ−Secretase is an aspartyl protease and a member of the intramembrane-cleaving 

proteases (i-Clips) [37]. Among its four components, PS1 or PS2 form the catalytic 

core, while APH-1, PEN2, and NCT contribute to the three-dimensional assembly of 

the protease and function as substrate recognition units [7]. However, the direct 

binding of the APP transmembrane (TM) domain to the PS1 proteolytic unit has been 

described [60]. Although cryogenic electron microscopy has allowed the modeling of 

γ-Secretase at an atomic scale [62], the recognition and interaction principles with 

various substrates remain to be discovered [63]. Understanding these principles is 

crucial for elucidating AD pathogenesis and could potentially lead to treatments to 

reverse the natural progression of this condition.  

 

γ−Secretase cleaves several integral membrane proteins, including ErbB-4, E-

cadherin, LRP, Nectin-1, and δ, out of more than 149 described substrates, notably 

APP and Notch [38, 40, 41]. These substrates are involved in the regulation of a 

diverse range of cellular processes, including synaptogenesis, adhesion, cellular 

migration, neurite outgrowth, and axon guidance. Typically, the proteolytic activity of γ-

Secretase releases both an extracellular and an intracellular domain. The APP 

intracellular domain (AICD), generated via APP proteolytic processing, and the NICD 

from the Notch signaling pathway interact with DNA-binding proteins, thereby 

regulating gene transcription [9]. The physiological functions of the extracellular 

fragments of APP and Notch -Aβ and Nβ, respectively- are not yet fully elucidated [42, 

9]. Nonetheless, the production of the A fragment has been linked to the pathogenesis 

of AD.  

 

According to the amyloid hypothesis -discussed later- Aβ fragment's production from 

APP and its subsequent aggregation are the first steps in a molecular cascade leading 

to cell death and neurodegeneration in AD [43]. As mentioned before, γ-Secretase 

cleavage of APP leads to peptide fragments with varying residue lengths. Differences 

in the number of residues and the proportion of the hydrophobic TM domain of APP 

retained in the Aβ fragment determine its tendency to aggregate into plaques. For 

example, it has been described that Aβ42 peptides are more aggregation-prone than 

other fragments. Furthermore, a shift in the Aβ42:Aβ40 ratio by increasing the former 
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or decreasing the latter's production results in greater aggregation and, subsequently, 

more significant neurotoxicity [44].  

1.3.2 Amyloid β and Tau protein-related neurodegeneration  

The amyloid hypothesis posits that the accumulation of A peptides underlies a 

cascade of molecular events leading to neurotoxicity, neurofibrillary tangle formation, 

and cell death in AD. This buildup may result from excessive peptide production or a 

malfunction in its clearing mechanisms [43]. According to the hypothesis, missense 

mutations in the APP, PSEN1, or PSEN2 genes lead to increased production or 

reduced clearance of Aβ42 peptides, which oligomerize and form extracellular deposits 

known as amyloid plaques. These oligomers can damage neurites, directly disrupt 

synaptic activity, or activate microglia and astrocytes. In addition to their harmful impact 

on synaptic transmission, oligomer deposition is associated with altered neuronal ionic 

homeostasis and disrupted kinase/phosphatase activity. This detrimental pleiotropic 

effect of Aβ42 peptides on neuronal metabolism ultimately results in cell death and 

dementia [20, 43].  

 

Despite being a mainstream explanation for the pathogenesis of AD for nearly 30 

years, there are several objections to the amyloid hypothesis as a sufficient explanation 

for the observed phenomena. For example, there is a lack of correlation between the 

burden of amyloid deposits in the brain and clinical disease features, such as age of 

onset and degree of cognitive impairment, as well as the notorious failure to develop a 

successful treatment based on the theory that Aβ42 peptides metabolism should be 

the primary pharmacological target [1, 32].  

 

In parallel with Aβ extracellular deposition, intracellular aggregated tau proteins -

neurofibrillary tangles- are a pivotal driver of neurodegeneration in AD. Tau is a 

microtubule-associated protein that binds tubulin through its microtubule-binding 

domains, with a single tau molecule cross-linking multiple tubulin dimers [56], thereby 

conferring stability to the microtubule and preventing sudden microtubule disintegration 

[57, 58]. In addition to its role in cytoskeleton stability, tau proteins are functionally 

related to axonal transport, long-term potentiation (LTP), synaptogenesis, and long-

term depression in the hippocampus [59].  



 

 

 

14 

Tau pathology propagates in a prion-like manner, resulting in the spread of disease-

related protein oligomers or aggregates across connected brain regions [60]. This likely 

occurs through a trans-synaptic mechanism, thereby expanding neurodegeneration 

[60, 150]. Unlike Aβ42/40 peptide levels in cerebrospinal fluid (CSF), CSF Tau levels 

more accurately correlate with cognitive decline as well as AD severity and duration. 

Furthermore, elevated phosphorylated tau levels in CSF may help estimate the risk of 

progression to AD in patients presenting with mild cognitive impairment [61]. In PSEN1 

E280A patients, the severity of hyperphosphorylated tau deposits correlates with age 

of onset; later-onset patients exhibit less tau pathology in the frontal, temporal, and 

parietal cortices [42].  

1.4 Genetic Underpinnings of Alzheimer´s Disease  

The etiology of the vast majority of ADAD cases is linked to one of three genes: Amyloid 

Precursor Protein (APP), Presenilin-1 (PSEN1), and Presenilin-2 (PSEN2) [62-65]. 

Pathological mutations in these genes lead to increased levels or decreased clearance 

of Aβ-peptides, resulting in early deposition and plaque formation, as well as other 

pathophysiological mechanisms, such as dysregulation of calcium homeostasis [6], 

impaired autophagy and lysosomal function [66], endosomal trafficking defects [67, 

68], and synaptic dysfunction [69]. Generally, these mutations are deterministic, and 

inheriting them yields a high probability of developing AD. However, differences exist 

in the clinical and pathological phenotype between affected genes, with PSEN1 

conveying almost complete penetrance and an earlier onset, while PSEN2 shows a 

slightly later onset and incomplete penetrance [65].  

1.4.1 Apolipoprotein E (APOE) 

Apolipoprotein E (APOE) was first identified in the context of lipid transport and 

metabolism. Nevertheless, its importance goes beyond lipids, particularly in the brain, 

where it plays a crucial role in neuronal health, response to injury, and vulnerability to 

neurodegenerative diseases, especially AD [141, 142]. The human APOE gene is 

found on chromosome 19, locus q13.32, and encodes a glycoprotein featuring two 

primary domains: a C-terminal domain that facilitates lipid binding and an N-terminal 

domain, linked by a hinge, that includes the main receptor binding site. In the brain, 

APOE is predominantly produced by astrocytes, which release lipoprotein particles 
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containing APOE to transport lipids to neurons. Other glial cells, such as microglia, 

also express APOE, especially during stress, while oligodendrocytes use it to maintain 

the myelin sheath [141, 143].        

 

Secreted APOE binds to cell surface receptors from the Low-Density Lipoprotein 

Receptor (LDLR) family. It can attach to all seven family members. Still, the primary 

receptors are LDLR, Very Low-Density Lipoprotein Receptor (VLDLR), LDLR-related 

protein 1 (LRP1, also called ApoER), and LDLR-related protein 8 (LRP8, also referred 

to as ApoER2) [144]. These receptors facilitate the endocytosis of APOE-lipoprotein 

particles into target cells, especially neurons. Significantly, LRP1 and LRP8 can also 

trigger intracellular signaling pathways that influence neuronal survival, synaptic 

plasticity, and cytoskeletal dynamics, among others [141, 143]. 

 

The binding efficiency of receptors differs among the APOE isoforms. In humans, 

APOE  consists of three primary isoforms: APOE2, APOE3, and APOE4. The APOE 

ε4 allele is the most significant genetic risk factor for SAD, elevating the likelihood of 

developing the condition by 12-15 times in individuals homozygous for the allele. 

Additionally, APOE ε4 is linked to an earlier onset of the disease compared to those 

who are homozygous for APOE ε3. Conversely, the APOE ε2 allele is deemed 

protective, lowering the risk of developing AD and delaying its onset. Meanwhile, APOE 

ε3 is viewed as neutral regarding Alzheimer's risk [142, 144]. APOE isoforms 

differentially affect the metabolism of Aβ. APOE ε4 is associated with less efficient Aβ 

clearance due to reduced interaction with the LRP1 receptor or impaired transport 

across the blood-brain barrier. It is also linked to the exacerbation of tau pathology 

[142].  

 

Of increasing interest is the potential crosstalk between APOE and the Wnt/β-catenin 

pathway, a cascade involved in embryonic development, neurogenesis, cell fate 

determination, synaptic regulation, and cellular homeostasis. In the canonical pathway, 

Wnt ligands bind to Frizzled (FZD) receptors and LRP5/LRP65 co-receptors at the cell 

surface, triggering a signaling cascade that prevents the degradation of β-catenin. The 

interaction of APOE with the Wnt co-receptors LRP5 and LRP6 modulates the Wnt 

signaling pathway in an isoform-dependent fashion. Non-APOE ε4 isoforms are 



 

 

 

16 

thought to enhance the pathway. In contrast, APOE ε4 impairs the signaling by 

competing with the Wnt ligands for their co-receptors, averting the formation of the 

Wnt-FZD-LRP signaling complex. Additionally, APOE ε4 may change the conformation 

of the Wnt co-receptors, making them less effective [142, 144].      

1.4.2 Genetic modifiers in neurodegeneration.  

AD shows significant clinical variability, even among subjects with similar genetic 

backgrounds, irrespective of the presence of risk factors such as APOE ε4 for SAD or 

causative mutations for ADAD [71]. This variability indicates that additional factors 

influence the disease phenotype, including genetic modifiers. Genetic modifiers are 

genes, loci, or allelic variants that are not themselves responsible for a disease but 

shape the clinical and pathological phenotype when a primary pathogenic cause -i.e., 

pathogenic mutations on APP, PSEN1, or PSEN2 in relation to ADAD- is present [70]. 

Regarding AD, genetic modifiers can change the age of onset, disease progression 

rate, brain pathology distribution (Aβ burden, neurofibrillary tangle density), or the 

singular clinical profile that a patient shows [74]. For instance, it has been reported in 

familial FAD and SAD patients that the rate of cognitive decline is modified by the 

presence of 172 and 227 gene variants, respectively [72]. Additionally, it has been 

documented that genetic variants might account for the paradoxical phenotypes of 

some APOE2 carriers burdened by AD and APOE4 carriers who remain disease-free 

[73].       

1.4.3 Beyond APOE as a genetic modifier.  

The APOE gene is the most notable and widely acknowledged example of a genetic 

modifier in Alzheimer's disease [75, 76]. A recent publication even suggests that the 

APOE ε4 homozygosity effect is so strong that it can be considered a genetic form of 

Alzheimer’s by its own [145]. Also, the APOE ε4 allele not only increases the risk of 

suffering from the disease but also modifies the clinical phenotype, both in SAD and 

ADAD. In patients carrying pathogenic mutations of APP, PSEN1, or PSEN2, the 

presence of APOE ε4 lowers the age of onset by several years when compared to 

APOE ε3/ε3 carriers within the same cohort. APOE ε2 allelicity, on the other hand, 

appears to delay the age of onset in ADAD [73]. Aside from APOE, GWAS analysis 

has identified other genetic variants that act as risk factors or modifiers for disease 
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onset, progression, or clinical presentation; examples include TREM2, ABCA7, CLU, 

and APP gene variants. 

  

TREM2 expression is required for microglia activation; some of its variants, such as 

R47H, have been found to increase the risk of SAD; TREM2 variants are typically 

deemed to be a risk factor, albeit more recently variants like rs1582763 and rs6591561 

have been described to have a protective effect [78, 79]. ABCA7 transcript products 

are related to lipid transport and cholesterol metabolism. ABCA7 loss-of-function 

variants are associated with an increased risk of AD, probably by impairing Aβ 

clearance by glial cells, mitochondrial metabolism, and neuron cholesterol 

homeostasis [80, 81]. Albeit typically associated as causative or increasing the risk for 

AD, protective variants of the APP gene have been described. The A673T mutation in 

the APP gene, also called the “Icelandic mutation,” hampers BACE1 cleavage of APP, 

decreasing the production of Aβ peptides. Individuals with this mutation face a 

markedly reduced risk of developing AD and are more prone to maintain cognitive 

function in old age [82, 83]. 

 

The genes mentioned above and the influence of the polygenic background point to 

the importance of genetic modifiers in AD. Genetic factors beyond the primary 

causative of the disease can effectively change the baseline risk of suffering the 

disease, the age of onset, clinical presentation, and progression by modulating core 

molecular pathways involved in AD pathogenesis, like neuroinflammation, 

Aβ metabolism, tauopathy, and cellular resilience.     
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2. Rationale and AIM of the Thesis.  

 

PSEN1 E280A mutation has been identified in the world's largest ADAD kindred in the 

region of Antioquia (Colombia). Because of the near 100% penetrance of the mutation 

and the predictable age of onset of those affected (mild cognitive impairment typically 

presenting in the mid-40s, with dementia by the late 40s), this population is a unique 

model for the study of the disease, its preclinical stages, and the factors influencing 

disease trajectory. Despite this predictability, some individuals within the kindred have 

presented with an extreme phenotype of delayed age of onset for up to 30 years. These 

cases contest a fully deterministic view of ADAD and show that protection is possible 

even in the event of high genetic risk or significant Aβ pathology burden. However, the 

exact molecular mechanism and pathways by which protection is possible remain 

undefined. 

 

From a genetic analysis point of view, two different approaches can be used to answer 

this question. Protective genes can be detected in population studies involving, ideally, 

large population samples [146]. The protective effects of genes identified by using this 

method are clear in the populations studied, but the size of the effect in every individual 

carrier might be small. This approach has also been used in the PSEN1 E280A 

population, with moderate success [147, 25, 27, 148]. However, even though the 

E280A population is the largest population carrying an ADAD mutation, it  still small for 

genomic analyses. This limitation creates uncertainty regarding the potential protective 

effects of the genetic variants discovered. The alternative approach focuses on 

identifying outstanding individuals with protective traits within this population. The rare 

genetic variants found in these protected ADAD carriers are more likely of being 

biologically relevant, as tested in cellular and animal models [28]. In-depth 

characterization of protected individuals can provide paramount insights into AD 

pathogenesis and open the possibility of developing new therapeutic targets replicating 

genetic modifiers' protective effects.  

 

This thesis aims to make an in-depth characterization of the clinical, pathological, 

cellular, and molecular mechanisms underlying protection, as reflected by the 

significantly delayed age of onset, to ADAD conferred by the rare genetic variants of 
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APOE3 Christchurch (APOEch) and RELN-COLBOS within the context of the PSEN1 

E280A mutation and to outline the molecular signature that differentiates PSEN1-

ADAD from sporadic AD. Five publications are presented for this aim. The first two 

introduce a multidimensional description of the protected cases, including clinical, 

neuroimaging, and neuropathological profiles: “Distinct tau neuropathology and 

cellular profiles of an APOE3 Christchurch homozygote protected against autosomal 

dominant Alzheimer's dementia, Acta Neuropathol., 2022" and "Resilience to 

autosomal dominant Alzheimer's disease in a Reelin-COLBOS heterozygous man, Nat 

Med., 2023” for the latter I contributed as co-first author. A follow-up publication further 

investigates the effect of the APOEch variant in the age of onset between heterozygous 

carriers of this mutation within the PSEN1 E280A Colombian kindred, “APOE3 

Christchurch Heterozygosity and Autosomal Dominant Alzheimer's Disease, NEJM., 

2024”. To assert the cellular and molecular mechanism related to protection in the 

context of APOEch mutation, iPS cells were used to produce organoids in which the 

β-catenin/Wnt signaling was evaluated as well as tau phosphorylation patterns 

“APOE3 Christchurch modulates β-catenin/Wnt signaling in iPS cell-derived cerebral 

organoids from Alzheimer's cases, Front Mol Neurosci., 2024”. Finally, to explore the 

potential mechanism of disease protection associated with the APOEch variant and 

how its transcriptomics profile compares to SAD and typical PSEN1 E280A ADAD, 

snRNAseq was performed on prefrontal cortex samples “Single-nucleus RNA 

sequencing demonstrates an autosomal dominant Alzheimer's disease profile and 

possible mechanisms of disease protection, Neuron, 2024.”       
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3. Key concepts and summary of the individual publications.  

 

3.1 Summary Publication I: Distinct tau neuropathology and cellular profiles 

of an APOE3 Christchurch homozygote protected against autosomal 

dominant Alzheimer's dementia, Acta Neuropathol., 2022 

 

Arboleda-Velasquez et al. [28] had previously reported a PSEN1 E280A carrier from 

the described Colombian population with an extremely delayed age of onset (AOO). 

The subject, a female, developed mild cognitive impairment (MCI) in her seventies, 

almost three decades after the usual AOO for individuals of the same kindred. Whole-

exome sequencing confirmed her PSEN1 mutation and the presence of two copies of 

the rare Christchurch (APOEch) mutation [84], a missense mutation that results in an 

Arg → Ser substitution at residue 136 encompassing a receptor-binding domain known 

to interact with lipoprotein receptors (LDLR, LRP1) and heparan sulfate proteoglycans 

(HSPGs) [85, 86].  

 

In this follow-up clinical background, in vivo imaging, postmortem assessment, and 

gene expression profiles of brain cell subpopulations were reported. The patient had a 

longitudinal follow-up with a standardized clinical rating and neuropsychological tests 

performed during life, as well as an MRI for structural assessment and functional 

imaging PET Scan 11C-Pitsburg Compound B (PiB) and 18F-Flortaucipir (FTP). Post-

mortem evaluation included conventional neuropathological assessment, electron 

microscopy examination of the cerebral cortex, and nuclei isolation from the 

hippocampal formation, frontal, and occipital cortex for snRNAseq.  

 

The patient exhibited significant amyloid pathology, demonstrated by PiB PET scans 

and postmortem immunohistochemistry (Thal V, CERAD C). In terms of tau pathology, 

Flortaucipir PET revealed a relative preservation of the temporal and parietal cortices, 

while the occipital cortex showed an abnormally high Tau burden. Histopathological 

analysis indicated advanced disease (Braak VI) but showed only minimal Tau 

immunoreactivity in the frontal cortex, as noted in the functional imaging (Figs. 1 & 2).       
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The post-mortem analysis also revealed restricted cerebral amyloid angiopathy (CAA), 

favoring the posterior circulation with parenchymal CAA visible exclusively in the 

occipital cortex within the telencephalic structures and leptomeningeal involvement 

only in the cerebellum.  

 

 
Figure 1| Longitudinal tau PET imaging measures in an APOE3ch homozygote. A. Surface 
rendering of tau PET (Flortaucipir) images (standardized uptake value ratio, SUVr), at baseline, 3-year 
follow-up (center), and B. rate of change (expressed as %/year), in the APOE3ch homozygote, (left) a 
typical PSEN1-E280A impaired carrier (center) and a sporadic AD case (right). C. Distribution area plot 
showing annualized percent change rates in tau PET for APOE3ch homozygote red line) relative to 
unimpaired (blue) and impaired (green) PSEN1-E280A carriers. Regions along the x-axis are ordered 
from highest to lowest change rate observed in the APOE3ch homozygote. D. Spaghetti plots of Aβ PET 
(Pittsburgh Compound B, PiB) measurements at baseline and 2-year follow-up, E Structural MRI 
measurements at baseline and 2-year follow-up of hippocampal volume. 
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Figure 2| Neuropathological characterization of an ADAD PSEN1 E280A mutation carrier with 
two copies of the APOE3ch variant. A. Representative panels for Tau and Aβ pathology in the frontal 
cortex, hippocampus, and occipital cortex. Insets show specific pathological features found in each brain 
area, such as NFT, dystrophic neurites, diffuse tau pathology, and diffuse core Aβ plaques and CAA. 
Bar = 500 μm. B. Graphic representation of the general distribution and intensity of tau pathology signal 
with normalized lower and maximum values represented in red intensity. MFC medial frontal cortex, 
STC superior temporal cortex, MTC middle temporal cortex, ITC inferior temporal cortex, HIP 
hippocampus, AMY amygdala, CNG cingulate cortex, PUT putamen, CAU caudate, THA thalamus, IPC 
inferior parietal cortex, OL occipital lobe, CB cerebellum, MES mesencephalon, PON pons, MED 
medulla oblongata. C. Graphic representation of distribution and intensity of Aβ signal with normalized 
lower and maximum values represented in green intensity. D. Distribution area plot showing tau 
integrated density signal in cortical areas in APOE3ch homozygote (red line) relative to impaired (green) 
PSEN1-E280A carriers. Areas are ordered according to the highest to lowest tau integrated density in 
the APOE3ch homozygote. E. Correlation scatter plot for ApoE signal intensity against Iba1 signal 
intensity in all areas studied in B. 
 

Regarding the transcriptomic landscape, a subpopulation of excitatory neurons with 

high expression of RORB (Retinoid-Related Orphan Receptor B) was identified in the 

frontal cortex and hippocampus. These neurons exhibit a transcriptomic profile 

enriched in neurodevelopmental genes while demonstrating lower expression of 

synaptic-related genes. Concerning glial cells, there are regional differences in 

expression profiles between the frontal and occipital cortices for the same populations 

of glial cells, with APOE showing higher expression in astrocytes and microglia within 

the frontal cortex with a more homeostatic profile. Targeted gene expression analysis 

in microglia also reveals an acute immune response profile in the frontal cortex. 

Meanwhile, both cellular types show transcriptomic profiles commonly associated with 

neurodegeneration in the occipital cortex. The association between specific 

transcriptomic profiles, higher APOE levels in glial cells, and localized protection hints 

towards a dose-dependent effect of the APOE3ch variant. 
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In summary, the results highlight the APOE3ch variant as a significant genetic modifier 

in ADAD, delaying the onset age by several years and altering its clinical course. This 

protective effect seems to be linked to changes in Tau pathology, which affects its 

spatial distribution within the cerebral cortex. Conversely, the high amyloid burden 

strengthens the notion that tauopathy plays a pivotal role in driving neurodegeneration 

and cognitive decline in ADAD. From a cellular viewpoint, protection appears 

connected to maintained glial homeostasis and the resilience of specific neuronal 

populations, such as RORB+ in the frontal cortex. Different factors coalesce regarding 

the occipital cortex's vulnerability, including lower APOE expression levels, a persistent 

microglial inflammatory state, and concomitant CAA.          

3.2  Summary Publication II: Resilience to autosomal dominant Alzheimer’s 

disease in a Reelin-COLBOS heterozygous man, Nat Med., 2023.      

 

This paper reports the clinical, in vivo neuroimaging, genetics, and neuropathological 

characterization of a second case of extreme protection against ADAD within the 

Colombian kindred carrying the “paisa” (PSEN1 E280A) mutation. The subject, a male 

patient, developed MCI at the age of 67, twenty years later than the median for the 

same population, despite carrying the mutation. Unlike the previously reported case 

(female homozygote for the APOE3Ch), he was heterozygous for a rare variant in 

RELN (H3447R, hereinafter known as COLBOS after the Colombia-Boston biomarker 

research study), a missense mutation resulting in a Histidine → Arginine substitution 

in the C-terminal of RELN [87].    

 

A multimodal approach was used to characterize the case, including in vivo and 

postmortem assessment, in vitro molecular and functional studies, and the 

development of a mouse model. Longitudinal cognitive and clinical evaluation was 

performed alongside structural (MRI) and functional imaging, PET Scan 11C-Pitsburg 

Compound B (PiB), 18F-Flortaucipir (FTP), and FDG to measure cerebral metabolic 

rate for glucose (CMRgl). Whole-exome (WES) and Whole-Genome (WGS) 

sequencing were used to identify potential protective variants. Post-mortem evaluation 

included conventional neuropathological assessment from 17 brain regions. In vitro 

studies included the review of the response of primary mouse cortical neurons treated 

with recombinant wild-type (WT) RELN or RELN-H3448R (mouse equivalent to human 
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RELN-COLBOS) to assess downstream signaling and binding assays (i.e., heparin 

affinity chromatography, surface plasmon resonance, biolayer interferometry, and 

isothermal titration calorimetry). A knock-in mouse carrying the RELN-COLBOS variant 

was generated. Mice brains from the WT strain, as well as homozygous and 

heterozygous RELN-COLBOS carriers, were analyzed for Dab1 immunoreactivity. 

Finally, the knock-in mice were crossed with a Tau P301L transgenic mouse model to 

evaluate the impact of the mutation on behavior (limb-clasping test) and tau pathology 

in the brain. 

 

The male patient was diagnosed with MCI at the age of 70, and by the age of 73, he 

had progressed to moderate dementia. His sister, who also carried the PSEN1-E280A 

mutation, had severe dementia when first evaluated at the age of 64, progressing to 

end-stage dementia at the age of 72. The male carrier showed a higher amyloid burden 

as measured by PiB PET scan and an overall Tau burden comparable to that of 

younger carriers within the same kindred; however, he had limited Tau pathology in 

the entorhinal cortex, the posterior cingulate cortex, and the precuneus (Fig. 3).  

 

Figure 3| PET imaging of the RELN-COLBOS (H3447R) carrier.  A. Representative PiB PET amyloid 
and FTP Tau PET imaging of the male case with RELN-COLBOS (left) compared to a PSEN1-E280A 
mutation carrier with MCI at a typical age (right). For both measurements, the specific binding of the 
tracer is represented using a color-coded scale, with blue being the lowest (DVR or SUVR = 0.8) and 
red being the highest (DVR or SUVR = 2.00) degree of binding. Right, representative FDG PET 
precuneus cerebral metabolic rate for glucose (CMRgl) of the male case with RELN-COLBOS (left) 
compared to a PSEN1-E280A carrier with MCI at a typical age (right). The binding affinity of the dye is 
represented using a color-coded scale, with blue being the lowest (SUVR = 0.5) and red being the 
highest (SUVR = 2.1) degree of binding. PHF: paired helical filament. B. Dot plot analysis of the imaging 
measurements shown in A. for amyloid and Tau burden, glucose metabolism, and hippocampal volume. 
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Brain imaging measurements of the male case with RELNCOLBOS (red dot) compared to the previously 
published APOEch homozygote female (blue dot), unimpaired PSEN1-E280A carriers (gray dots, n = 
18 for the glucose metabolism panel, n = 13 for all other panels) and younger carriers of the MCI PSEN1-
E280A mutation (black dots, n = 7 for the Tau burden plot, n = 8 for the amyloid burden and hippocampal 
volume plots, n = 11 for glucose metabolism)2. Some previously published data points are included in 
the figures because they are the only available data for comparison. Data are expressed as individual 
values with the mean ± s.e.m. C. Anatomical details of Tau burden in the temporal cortex. Flat map 
representations of the right hemisphere temporal lobe cortex for regions of interest (ROIs) (top left, 
ERC), with Tau PET (FTP) overlay for four cases. The asymptomatic PSEN1-E280A carrier was 38 
years old; the PSEN1-E280A carrier with typical MCI was 44 years old. The male carrier of RELN-
COLBOS was notable for having a relatively lower tau burden in the medial temporal regions (ERC and 
PPC) compared to typical PSEN1-E280A mutation carriers. 
 
 

WES/WGS analysis identified heterozygosity for the aforementioned RELN mutation 

(chromosome 7:g.103113302T>C, p.His3447Arg or H3447R); this mutation ranked in 

the top three candidate genes in the Genomizer priority score analysis, and its by-

product RELN is known to modulate tau phosphorylation [88, 89], as well as competing 

with APOE for binding to the Very Low-Density Lipoprotein Receptor (VLDLR) and the 

Low-Density Lipoprotein Receptor-related protein 8 (LRP8, also known as 

apolipoprotein E receptor 2) [90, 91]. In vitro analysis showed that after treatment with 

recombinant RELN-H3448R, primary mouse neurons in a monolayer culture increased 

the phosphorylation of Dab1 when compared to WT RELN treatment. Binding assays 

showed that the mutation does not directly affect the interaction with VLDLR or LRP8; 

instead, it increased the affinity of the CTR-RELN to heparin and NRP1. In vivo 

validation showed consistent findings; homozygous male knock-in mice showed 

increased Dab1 phosphorylation in the hippocampus and the cerebellum compared to 

the WT mice, confirming a gain-of-function effect. When crossed with the Tau P301L 

mice, the homozygous male mice showed a lower immunoreactivity for pTau T205 in 

the hippocampus and the medulla oblongata, as well as improved performance in the 

limb-clasping test.          

              

Postmortem evaluation of the RELN-COLBOS case showed an advanced disease 

compatible with a Braak VI, Thal 5 stage. Despite widespread Tau pathology, the 

entorhinal cortex (ERC) proved to be relatively spared from Tau deposition, consistent 

with 18F-Flortaucipir PET findings. Another striking difference was a higher neuronal 

density in the ERC of the RELN-COLBOS case than in typical FAD E280A, sporadic 

AD cases, and the previously reported APOEch case (Fig. 4).  
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These results highlight the RELN-COLBOS (H3447R) variant as a significant genetic 

modifier in ADAD, delaying the onset age by several years and altering its clinical 

course. The resilience mechanisms seem to be related to the variant effect on Tau 

pathology in a spatially specific manner, given the relative sparing of the ERC and the 

higher neuronal density found in this area. In vitro and in vivo studies show the mutation 

to have a hypermorphic effect, enhancing Dab1 phosphorylation and increasing RELN 

affinity to extracellular matrix GAGs and potentially co-receptors like NRP1. 

Interestingly, both the disease course in the male carrier (later age of onset and milder 

disease) compared to his female sibling, and the results from the mouse model suggest 

that sex might be a driver of protection mediated by the RELN-COLBOS variant. 

   

Figure 4| Neuropathological characterization of the case with PSEN1 E280A; RELN-H3447R. A. 
Aβ and pTau pathologies in the CA1 and ERC. Both pathologies present a wide distribution and 
intensity. Aβ pathology shows diffuse plaques with varied distribution and size (panels and insets). pTau 
pathology shows varied density of neurofibrillary tangles and diffuse Tau pathology. Scale bar, 500 μm. 
B. Neurons stained with Kluver–Barrera stain in the CA1 and ERC of the case with PSEN1-
E280A/RELN-COLBOS, the case with PSEN1-E280A/APOEch, a case with average-onset PSEN1-
E280A familial AD, and a case with sporadic AD. Scale bar, 125 μm.  



 

 

 

27 

3.3  Summary Publication III: APOE3 Christchurch Heterozygosity and 

Autosomal Dominant Alzheimer's Disease, NEJM., 2024.   

 

This follow-up paper further explores the role of the APOE3ch (R136S) genetic variant 

as a modifier of AD pathology. The previous publication reports a female carrier of the 

PSEN1 E280A mutation who was also homozygous for the rare Christchurch variant 

in APOE3. Building on these findings, this publication examines whether 

heterozygosity for the APOE3ch variant could be a modifier for AD, delaying its age of 

onset and altering the clinical course or the neuropathological imprint.  

 

Data from a cohort of 1077 descendants of a family carrying the PSEN1 E280A 

mutation were retrospectively assessed. The information collected between 1995 and 

2022 included clinical and neuropsychological evaluations and validated batteries for 

detecting AD-related cognitive impairment in this kindred (e.g., CERAD, Trail Making 

Test, Rey-Osterrieth complex figure, etc.). With this information, expert evaluators who 

were blind to the specific genetic background of the subjects classified them as having 

mild cognitive impairment or dementia. Within the cohort, 121 carriers of the APOE3ch 

variant were identified; of these, twenty-seven were simultaneously heterozygous for 

APOE3ch and the PSEN1 E280A variant. In addition to the clinical follow-up, 

genotyping for PSEN1 E280A and APOE variants was performed; two subjects 

underwent brain imaging, and four postmortem brain examinations.   

 

Cumulative incidence function analysis of matched samples between carriers and 

noncarriers of the APOE3ch variant showed a clinically relevant delay in the onset of 

cognitive impairment for the Christchurch variant heterozygotes. Between carriers, 

there was a median age of 52 years (95% CI, 51 - 58) for the onset of MCI and 54 

years (95% CI, 49 - 57)  for the onset of dementia, whereas in the noncarriers group 

the median age for the onset of MCI was 47 years (95% CI, 47 - 49) and 50 years (95% 

CI, 48 to 51) for the onset of dementia (Fig. 5). Brain imaging in two living carriers 

showed an amyloid burden (PiB PET DVR) similar to a typical PSEN1 E280A, 

meanwhile Tau imaging (18F-flortaucipir) was remarkable for limited Tau burden in 

relevant areas to AD including the ERC. Furthermore, FDG-PET for both APOE3ch 

heterozygous showed preserved glucose metabolism in certain areas (e.g., 

precuneus) compared to noncarriers, suggesting reduced neurodegeneration (Fig. 5).  
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Figure 6| Decreased cerebral amyloid angiopathy in APOE3Ch PSEN1 E280A carriers 

 

Figure 5| Cumulative incidence function for cognitive impairment and dementia among PSEN1 
E280A carriers. Shown are the cumulative incidence functions of mild cognitive impairment A. and 
dementia B. among persons with the PSEN1 E280A variant, 27 of whom had the APOE3Ch variant and 
326 without it. Participants were matched for sex, APOE genotype, and years of formal education. Death 
without a diagnosis of mild cognitive impairment or dementia was a competing risk. Shading indicates 
the 95% confidence interval. 
 

Finally, the neuropathological assessment revealed similar amyloid and tau disease 

burden in carriers and noncarriers; however, APOE3ch heterozygous carriers showed 

less CAA in the frontal cortex and a lower percentage of vessel wall affected by CAA 

pathology (Fig. 6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

A. Representative microphotographs of amyloid beta (A) immunostaining of the frontal cortex and 
occipital cortex of the homozygous APOE3Ch PSEN1E280A carrier (APOE3Ch/Ch), a heterozygous 
APOE3Ch PSEN1E280A carrier (APOE3Ch), and an APOE3/3 PSEN1E280A carrier (APOE3/3). B. 
Box and whiskers plot depicting the percentage of microvessels affected by CAA in APOE3Ch 
PSEN1E280A carriers (one APOE3Ch/Ch homozygote - red circles - and APOE3Ch heterozygotes n=4 
C. Once CAA pathology is further discriminated into partial or total coverage of the wall perimeter of the 
vessel, it becomes evident that partially CAA-affected microvessels in APOE3/3 PSEN1E280A cases 
are more than their APOE3ch counterparts, or fully CAA affected microvessels in APOE3/3 cases, 
indicating a more varied CAA profile in APOE3/3 cases with higher impact in frontal cortices.   
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This comprehensive, longitudinal characterization of a large sample of PSEN1 E280A 

carriers heterozygous for APOE3ch demonstrates that the Christchurch variant 

functions as a genetic modifier in ADAD, even for those carrying one allele. Although 

the observed delay in age of onset of 4 to 5 years is less dramatic than the decades-

long protection reported in the homozygous case, it remains clinically significant. Once 

again, protection is documented in the context of a high amyloid burden, yet with 

resistance to Tau pathology, as seen in PET scans and postmortem assessments. 

Modification of the CAA pathology also appears to be part of the variant characteristics. 

A possible reason for a less evident protective effect of APOE3ch in heterozygous 

carriers is the dose-dependent effect hinted by regional differences in the homozygous 

case.   

3.4 Summary Publication IV: APOE3 Christchurch modulates β-catenin/Wnt 

signaling in iPS cell-derived cerebral organoids from Alzheimer's cases, Front 

Mol Neurosci., 2024.  

 

Examining the role of the APOE3ch genetic variant as a disease modifier in the context 

of ADAD, an iPS system was developed to identify the biological pathways influenced 

by APOE3 Christchurch. To this end, cells from a protected (PSEN1 E280A + 

APOE3ch carrier) and non-protected patient (PSEN1 E280A only carrier) were used 

to generate iPS cells; genomic editing was used to introduce or remove the APOE3ch 

or PSEN1 E280A mutations, and organoids were produced. The Cadherin/Wnt/β-

catenin signaling pathway was identified as possibly regulated by the APOE3ch 

variant. Intracellularly, the Cadherin/-catenin complex plays a role in maintaining cell 

and tissue integrity through its binding to -catenin [92]. On the other hand, in the 

canonical Wnt signaling pathway, β-catenin acts as a transcriptional co-activator; upon 

binding of Wnt ligands to Frizzled or Low-Density Lipoprotein Receptors (LRP5, LRP6), 

a signaling pathway is triggered that prevents the degradation of β-catenin in the 

cytoplasm [93]. APOE binds to the same Low-Density Lipoprotein Receptors and 

potentially modulates or competes with the Wnt ligand binding, thus modifying the 

downstream Wnt/-catenin signaling pathway [93, 94].  

 

A multimodal approach was used to evaluate the molecular pathways involved in 

APOE3ch variant protection in ADAD. Two female subjects from the Colombian 
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PSEN1 E280A kindred, one homozygous for the APOE3ch variant (i.e., PSEN1 E280A 

+ APOE3ch homozygous or Patient ) and a typical -unprotected- PSEN1 E280A 

carrier with a wild-type APOE3 (i.e., PSEN1 E280A + APOE3wt homozygous or Patient 

ꞷ). Peripheral blood mononuclear cells from Patient  and Patient ꞷ were 

reprogrammed into iPS cells. CRISPR/Cas9 gene editing was performed on the iPS 

cell lines to correct the PSEN1 E280A mutation to a WT genotype or introduce/remove 

the APOE3ch variant. Table 1 summarizes the genotype of the cell lines used in this 

study. The cell lines were further differentiated into cerebral organoids.  

  

Table 1. Cell lines and their genotypes.  

 

 

Six organoids were pulled from each line for single-cell isolation and transcriptomic 

analysis (scRNA-seq) using the 10X Genomics Chromium platform was performed. 

Immunostaining was used for the identification of key proteins on organoids as well as 

on formalin-fixed paraffin-embedded (FFPE) brain tissue samples from the frontal 

cortex, hippocampus, and occipital cortex of Patient  Finally, the HEK293 cell line 

containing luciferase under a TCF/LEF reporter control was used to assess the effects 

of recombinant APOE3 WT and APOE3ch variant on the Wnt signaling pathway.  

 

Tau immunoreactivity was assessed using anti-pTau s396 (an early marker for 

pathological phosphorylation). In PSEN1 WT organoids derived from the Patient 

 (E3WT PS1WT), the pTau S396 signal was reduced; the same was observed when 

the APOE3ch variant was introduced to organoids derived from this patient. 

Conversely, removing the APOE3ch variant from organoids derived from the Patient 

 (E3WT/PS1mut) led to a significant increase in pTau S396 immunoreactivity. 

scRNA-seq analysis identified that the APOE3ch variant modulated the Cadherin Wnt 

signaling pathways, both in neuronal and glial populations. In APOE3ch expressing 
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organoids, transcripts for several Wnt ligands (WNT2B, WNT4, WNT7B) were 

downregulated, primarily in glial cells, but β-catenin transcripts were not influenced. 

Organoids with the APOE3ch variant exhibited an increased immunoreactivity to β-

catenin compared to controls, even with reduced levels of Wnt ligand transcripts. To 

assess the paradox of downregulated Wnt ligands but upregulated -catenin 

immunoreactivity, a TCF/LEF luciferase reporter assay was used to examine whether 

APOE3ch could directly influence Wnt signaling. Neither APOE3 WT nor APOE3ch 

alone activated the Wnt signaling pathway. However, when tested alongside the Wnt 

ligand Wnt3a, APOE3 WT acts as an inhibitor, while APOE3ch acts as an activator in 

a dose-dependent manner. Immunostaining on FFPE samples from the homozygous 

APOE3ch carrier showed a higher colocalization between -catenin and NeuN 

markers in the frontal cortex compared to the occipital cortex and hippocampus (Fig. 

7).  

 

Figure 7| Increased nuclear β-catenin signal in frontal cortex neurons. Increased nuclear β-catenin in 
neurons of protected brain regions of Patient α. Representative immunofluorescence (IF) micrographs 
of the frontal cortex (FC), hippocampus (Hipp), and occipital cortex (OC) stained for β-catenin (red), 
NeuN (green), and cell nuclei (DAPI, blue). Insets present magnified images of neurons showing the 
degree of colocalization between the three markers. Scale bar = 100 μm. A. Bar graphs for colocalization 
analysis depicting thresholded colocalization volumes (TCVs) between DAPI and β-catenin in FC, Hipp, 
and OC. The percentage of β-catenin colocalizing in nuclei is significantly higher in FC than in both 
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structures, Hipp and OC (one-way ANOVA, p < 0.0001 for both). B. Bar graphs for colocalization 
analysis depicting TCVs between DAPI and β-catenin in FC, Hipp, and OC. The percentage of β-catenin 
colocalizing with neurons is significantly higher only in Hipp when compared to OC (one-way ANOVA, 
p = 0.025) C. 
 

3.5 Summary Publication V: Single-nucleus RNA sequencing demonstrates 

an autosomal dominant Alzheimer's disease profile and possible mechanisms 

of disease protection, Neuron, 2024. 

 

ADAD often serves as a model for studying the pathogenesis of AD; the clear 

inheritance pattern and a more “uniform” genetic background among those affected by 

a single mutation within the same kindred facilitate the identification of causal and 

disease-modifying mutations [95]. Moreover, the ability to identify individuals impacted 

in a pre-clinical stage supports the decision to use these subjects for trials assessing 

prevention therapy. However, genetic vulnerabilities and the specific downstream 

cellular and molecular pathways behind ADAD and AD might differ, and identifying 

these differences is of the utmost relevance in the development of precision medicine. 

Here, the transcriptomic signature of ADAD and AD was identified by comparing the 

transcriptomes from postmortem frontal cortex tissue of non-AD controls, sporadic AD 

patients, and PSEN1 E280A carriers, including the previously described case of a 

PSEN1 E280A carrier who was homozygous for the protective APOE3ch variant.  

 

A multimodal approach was used, including snRNA-seq, spatial transcriptomics to 

validate the findings of snRNA-seq in situ, and immunostaining on postmortem brain 

tissue for neuropathological characterization and validation of the transcriptomic 

results at the protein level. The sample included tissue from 27 donors: 8 non-AD 

control patients, 8 sporadic AD patients, 10 PSEN1 E280A ADAD (including 3 

heterozygous for the APOE3ch variant), and 1 ADAD protected patient (PSEN1 E280A 

carrier homozygous for APOE3ch).  

 

Astrocyte transcriptomic comparison between PSEN1 E280A and SAD showed 186 

upregulated and 53 downregulated genes in the ADAD group. According to GSEA, 

pathways related to autophagy, including macroautophagy, mitophagy, chaperone-

mediated autophagy (CMA), and respiratory electron transport, were upregulated. 

CMA scores from the changes in mRNA levels revealed a significantly higher score in 
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PSEN1 E280A ADAD versus SAD cases. The overexpressed genes included 

HSP90AB1, HSPA9, EEF1A1, GABARAPL2, GABARAPL1, and mitochondrial-

associated genes (VDAC1, TOMM20, TOMM7, ATP5F1A, ATP5F1B, and CHCHD2). 

Immunostaining confirmed a higher immunoreactivity to HSP90 and the chaperone 

PPIA in PSEN1 E280A astrocytes compared to SAD. Regarding neurons, inhibitory 

neurons expressing SST were reduced in both AD groups, whereas 

VIP/CALB2/PROX1 was reduced only in the SAD group, suggesting a selective 

vulnerability for the latter group. Excitatory and inhibitory neurons had significantly 

higher CMA scores in ADAD compared to SAD, and GSEA was significant for the 

upregulation of several molecular chaperones involved with protein folding, 

degradation, autophagy, cellular respiration, and MT3. Immunostaining confirmed a 

higher immunoreactivity to HSP90 and the chaperone PPIA in PSEN1 E280A neurons 

compared to SAD as well (Fig. 8).  

 

When comparing the transcriptomic profile in the frontal cortex from the APOE3ch 

homozygous carrier versus typical PSEN1 E280A astrocytes showed upregulation of 

genes involved in cholesterol and lipid synthesis (CYP46A1, CYP2J2, CYP4V2, 

DEGS1, ACAA1, and PLCG1), lipid metabolism (ACAA1, ACAA2, ECHS1, and 

ELOVL2), oxidoreductase-activity-related genes (ERO1A, CYP2J2, DEGS1, 

CYP46A1, and CYP4V2), and LRP1. Accordingly, immunostaining revealed a higher 

signal of LRP1 in astrocytes of the frontal cortex from APOE3ch homozygous carriers 

compared to typical PSEN1 E280A. In neurons, an increased expression of FKBP1B, 

PS35, and downregulation of PSEN1 and FKBP5 were observed when comparing 

APOE3ch homozygous carriers to typical PSEN1 E280A. Interestingly, the 

transcriptomic profile of astrocytes and neurons seen in the APOC3ch homozygotes 

didn’t match the profile of the same brain cells in three heterozygotes for the APOE3 

Christchurch variant.  

 

A distinctive transcriptomic signature for PSEN1 E280A ADAD and sporadic AD was 

discovered, characterized by increased expression of autophagy and chaperone-

related genes across different cell subpopulations, notably astrocytes and neurons. 

Further insights into the AD pathogenesis and genetic architecture came from the 

APOE3ch carrier transcriptome. 
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Figure 8| Protein immunoreactivity validates transcriptional alterations detected in the frontal 
cortex by snRNA-seq. A. Representative immunofluorescence micrographs of frontal cortex GFAP and 
HSP90 labeling from PSEN1-E280A and sporadic AD cases, as well as quantification of HSP90 
expression in astrocytes. B. Representative immunofluorescence micrographs of frontal cortex MAP2 
and HSP90 labeling from PSEN1-E280A and sporadic AD cases, as well as quantification of HSP90 
expression in neurons. C. Representative immunofluorescence micrographs of frontal cortex GFAP and 
PPIA labeling from PSEN1-E280A and sporadic AD cases, as well as quantification of PPIA expression 
in astrocytes. D. Representative immunofluorescence micrographs of frontal cortex MAP2 and PPIA 
labeling from PSEN1-E280A and sporadic AD cases, as well as quantification of PPIA expression in 
astrocytes. Scale bars, 20 µm. n represents the number of cells analyzed in each group. The boxes 
represent the interquartile range, with the line inside indicating the median. Whiskers extend to the 
minimum and maximum values. 

 

In this case, the frontal cortex showed a very low tau pathology burden, whereas the 

occipital cortex had a high burden. Accordingly, the expression of LRP1, a known 

mediator of tau pathology, was higher in the astrocytes of the frontal cortex when 

compared to the occipital, thus suggesting that active uptake of tau by astrocytes could 

alleviate the disease burden.    
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4. Discussion  

 

The large kindred carrying the PSEN1 E280A or “Paisa” mutation in Antioquia 

(Colombia) provides a unique opportunity to delve into all aspects of ADAD. With rare 

exceptions [28, 87, 96], Individuals within this kindred almost inexorably develop MCI 

in their forties (median age 44 years) and dementia by the end of the fifth decade 

(median age 49 years) [23]. This foreseeable trajectory and the aggressive clinical 

presentation give a priceless opportunity to determine early pathological changes (i.e., 

biomarker), systematically evaluate prevention strategies, and identify disease 

modifiers.  

 

Two rare genetic modifiers granting protection to PSEN1 E280A ADAD have been 

identified in this kindred: the APOE3 R136S Christchurch variant (APOE3ch) and the 

RELN H3447R (RELN-COLBOS) variant. A female PSEN1 E280A carrier, also 

homozygous for APOE3ch, remained asymptomatic until her 8th decade of life, nearly 

three decades later than other kindred members. The second case, a male PSEN1 

E280 carrier heterozygous for the RELN-COLBOS variant, also remained cognitively 

unimpaired until age 67, before developing dementia in his 8th decade of life [28, 87]. 

These instances of exceptional resilience highlight that AD is modifiable by genetic 

factors, even in the context of a strong autosomal dominant driver, and provide 

valuable insights into possible protective mechanisms against AD pathology.   

 

As previously mentioned, both protected cases exhibited a significant delay in age of 

onset, with the APOE3ch homozygous carrier demonstrating the most outstanding 

resistance. In contrast, APOE3ch heterozygous carriers showed a less dramatic 

change in phenotype. While clinically relevant, the median delay for the onset of MCI 

increased only from 47 to 52 years, and the onset of dementia was postponed from 50 

to 54 years, suggesting a possible dose-dependent effect of the hypermorphic 

APOE3ch mutation. Although direct comparison between the two described genetic 

modifiers is difficult in the absence of a larger sample, the resilience granted by the 

RELN-COLBOS variant heterozygosity appears to be a middle ground between the 

two APOE3ch zygosity status and to be driven by sex, as suggested by the less 

dramatic change of phenotype in the RELN-COLBOS carrier sister and the findings 

from the knock-in mouse model carrying the equivalent RELN-COLBOS variant. The 
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mouse model indicates a sexually dimorphic behavior of the mutation, a characteristic 

that has been described for RELN under physiological conditions [102, 103] and in the 

context of mental disease [104, 105], neurodevelopmental disorders [106], and 

neurodegeneration [107 - 109].  

 

Interestingly, this protection exists despite a high amyloid burden in both protected 

cases, similar to or even more significant than that found in typical PSEN1 E280A 

cases, as determined by PiB-PET and confirmed through post-mortem assessments. 

This consistency among protected cases calls into question the amyloid hypothesis, 

challenges the notion of Aβ as the primary driver of neurodegeneration in Alzheimer's 

disease, and suggests that molecular events downstream of amyloid deposition are 

pivotal for cognitive decline. It also raises concerns about the predominant focus on 

anti-amyloid therapy as the primary strategy for preventing and treating the disease 

[100, 101]. Instead, the protection of these individuals appears to be related to the 

modification in the spatial distribution of tau pathology, as evidenced by the sparing of 

tau deposition in the frontal cortex and the ERC of the APOE3ch carrier and the RELN-

COLBOS carriers, respectively. Furthermore, the finding of lower tau pathology 

associated with a high neuronal density in the ERC of the RELN COLBOS compared 

to APOE3ch, ADAD, and SAD controls supports the idea that protection against 

tauopathy could translate into delayed neurodegeneration.   

 

The difference in key protected areas across cases, alongside the significant tau 

burden in the occipital cortex of the APOE3ch homozygous, indicates that the 

mechanisms hindering tau accumulation are closely linked to regional variations within 

the cerebral cortex. These variations are recognized in the expressions of both RELN 

[110, 111] and APOE [112, 113], as well as in the activity of their protein products. 

Furthermore, additional factors, such as cerebral amyloid angiopathy (CAA), can 

shape the impact of genetic modifiers. CAA was less severe in the cerebral cortex of 

APOE3ch heterozygotes, particularly in the frontal cortex compared to non-carriers 

and restricted to the posterior circulation (occipital cortex, cerebellum) in the 

homozygous carrier of the same mutation. Both protected cases had age-related 

vascular comorbidities, suggesting that the genetic protection mechanisms effectively 

modify the disease even in the context of common age-related vascular changes.    
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The APOE3ch R136S variant is a rare missense mutation that involves the receptor-

binding region of ApoE [85, 86], resulting in a reduced affinity for heparan sulfate 

proteoglycans (HSPGs) and APOE receptors compared to wild-type ApoE. HSPGs 

electrostatically interact with tau's microtubule-binding repeat (MTBR) regions and 

have a higher affinity for aggregated forms of the protein (i.e., oligomers and fibrils) 

[114-116]. This binding turns HSPGs into receptors/co-receptors that concentrate this 

pathological Tau species on the cell surface, facilitating their uptake by promoting 

endocytosis and mediating cell-to-cell spread [115, 117]. The reduced binding 

secondary to the APOE3ch variant could impair the HSPGs-mediated interaction with 

pathological Tau species, thus limiting the Tau pathology burden in carriers. On the 

other hand, the APOE3ch-encoded protein might be less efficient at binding to the 

vasculature, hence reducing the APOE-mediated sequestration of amyloid-β in the 

vessel wall, mitigating the microvascular damage and inflammation secondary to CAA. 

This would be consistent with the finding that APOE3ch carriers have a lower CAA 

pathology burden than non-carriers.        

 

Besides modifying the binding site of the encoded protein, the APOE3ch variant 

modulates intracellular signaling pathways relevant in AD, notably the Wnt/β-catenin 

pathway [94, 118]. As previously discussed, isogenic organoid models showed that 

introducing the Christchurch variant elicits the upregulation of the Wnt/β-catenin and 

cadherin signaling pathways, suggesting an enhancement of pro-survival Wnt 

signaling [97]. APOE3ch seems to be a “gain of function” mutation, boosting Wnt3a 

signaling activity compared to wild-type ApoEε3. This hypermorphic mutation would 

sustain Wnt activity, providing a plausible mechanism for the documented increase in 

β-catenin levels in the frontal cortex of the APOE3ch homozygote carrier. Moreover, 

this novel property suggests that APOE3ch can promote pathways related to neuronal 

development, synaptic maintenance, and protection against tau pathology via GSK3β 

inhibition, a major kinase responsible for tau phosphorylation [119]. While it might 

appear contradictory, the simultaneous downregulation of specific Wnt ligand 

transcripts (Wnt2b, Wnt4, Wnt7b) observed in the organoids may indicate a 

compensatory feedback mechanism triggered by the sustained activation of the 

pathway by APOE3ch.    
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Another significant discovery is the upregulation of the Low-Density Lipoprotein 

Receptor-Related Protein 1 (LRP1) in regions shielded from Tau pathology, specifically 

the frontal cortex of the APOE3ch homozygote. LRP1 is a key APOE receptor 

facilitating tau uptake in neurons and astrocytes [120]. In the context of protection 

against ADAD pathology, higher levels of LRP1 in astrocytes, as documented by 

snRNAseq and immunofluorescence for the Christchurch homozygote carrier, could 

enhance the uptake and clearance of pathological tau by glial cells, thus averting its 

dissemination and accumulation in the neuronal compartment. This astrocyte-LRP1 

protection mechanism would complement the activation of the Wnt pathway. While the 

activation of Wnt/-catenin signaling pathway promotes cellular resilience and 

regeneration, enhanced astrocytic clearance removes toxic proteins, leading to 

neuroprotection.  

 

In summary, the APOE3ch variant protects against ADAD pathology through several 

mechanisms: Acting as an enhancer of the Wnt/-catenin signaling pathway, which 

might help resist degeneration, changing the affinity of the binding region of APOE, 

reducing APOE-mediated sequestration of amyloid- in the vessel wall, and possibly 

facilitating astrocytic tau clearance. These mechanisms suggest that the mutation 

induces a shift toward a less permissive environment for AD pathology.  

 

In addition to the APOE3ch variant, the RELN-COLBOS variant provides a new venue 

to explore Alzheimer's disease pathology and a possible protective mechanism. 

Reelin, encoded by the RELN gene located on chromosome 7q22 [121], is an 

extracellular matrix glycoprotein that participates in multiple biological functions [122], 

including neuronal migration, cortical layering, and the development of dendrites and 

spines in neurons [123, 124]. It interacts with the LDL receptor family members VLDLR 

and LRP8 (also called ApoER2) [125, 126], two key receptors in the APOE signaling 

pathway. When Reelin binds to its receptor, it initiates the phosphorylation and 

activation of the intracellular adaptor protein Dab1, which plays a crucial role in central 

cellular pathways that affect cytoskeletal stability and modification, synaptic plasticity, 

cell survival, neurite outgrowth, and neuronal migration [122 - 126]. The activation of 

Dab1 also inhibits Glycogen Synthase Kinase 3 beta (GSK3), which is particularly 

significant in the context of AD, as GSK3 is one of the primary kinases that 
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phosphorylate Tau at various sites, including those associated with pathological 

hyperphosphorylation [127 - 129].  

 

Findings from the mouse model indicate the RELN-COLBOS variant to be a 

hypermorphic mutation, increasing Reelin signaling and enhancing Dab1 activation, 

subsequently reducing Tau phosphorylation. This finding correlates with the extremely 

low density of Tau pathology found in the entorhinal cortex and dentate gyrus of RELN-

COLBOS, given the high level of RELN expression in these areas [130, 131] as well 

as the markedly lower tau burden in other Reelin-rich areas. On the other hand, the 

extensive accumulation of amyloid throughout the brain indicates that the protective 

benefits of activating the Reelin pathway do not stop amyloid pathology. Instead, it may 

influence how amyloid interacts with tau. This is similar to what was observed with the 

APOE3ch variant and strengthens the idea that neurodegeneration driven by tau, not 

amyloid itself, serves as the mechanism through which these genetic factors modify 

Alzheimer's disease. Additionally, the RELN-COLBOS variant increases the affinity of 

Reelin for its co-receptor Neuropilin-1 (NRP1) as well as the affinity of the Reelin C-

terminal domain for the glycosaminoglycan heparin. This increased affinity for heparin 

could increase the local concentration of Reelin in the vicinity of the cell membrane or 

facilitate its interaction with co-receptors like NRP1, enhancing Reelin's downstream 

signaling pathway. Interestingly, this would contrast with the observation of potential 

protection through reduced binding affinity to HSPGs seen in the APOE3ch variant.   

 

Overall, the data suggest that Reelin and the Reelin/Dab1 cascade play key roles in 

moderating Alzheimer's disease pathology. By enhancing the activation of Reelin’s 

signaling pathway, the RELN-COLBOS variant may protect synapses and neurons 

from the harmful effects associated with tauopathy. This finding aligns with previous 

research in animal models demonstrating that Reelin fosters dendritic spine 

development [135] and counters the toxic effects of phosphorylated tau [139]. 

Increased Reelin expression in neurons is associated with increased synaptic 

connections in the hippocampus [132, 133]. It can prevent the suppression of long-

term potentiation caused by Aβ and improve cognitive performance in long-term 

memory tasks [91]. On the other hand, decreased or dysfunctional Reelin expression 

has been linked to cognitive decline [134], synaptic loss, and greater impairments in 
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synaptic plasticity, learning, and memory in response to amyloid β accumulation [136, 

137], as well as heightened tau hyperphosphorylation [88, 138].  

 

The APOE3ch and RELN-COLBOS variants act as genetic modifiers, showing 

convergent phenotypes but divergent mechanisms. Their associated Aβ burden 

resembles that seen in typical PSEN1 E280A carriers. Both variants offer cognitive 

protection by curbing tau-driven neurodegeneration and enhancing neuronal health. 

Additionally, APOE and Reelin signal via shared receptors (VLDL, LRP8). However, 

the intracellular mechanisms differ; APOE3ch features increased Wnt/β-catenin 

activity and decreased HSPG affinity, while RELN-COLBOS functions as a 

hypermorphic mutation, boosting Reelin signaling due to heightened affinity for GAGs 

and co-receptors. This indicates that disease modification can be achieved either by 

inhibiting a pathway, such as decreasing APOE-related buildup of harmful aggregates 

as suggested for the variations in CAA pathology, or by enhancing it, for example, 

through Dab1-mediated reduction of tau hyperphosphorylation. Investigating potential 

convergence points between these pathways, particularly involving tau kinases like 

GSK3β or Dab1-regulated phosphatases, remains a vital area for future research, 

opening the possibility for developing disease-modifying drugs. Irrespective of the 

specific molecular pathway involved, the finding in both cases highlights the 

importance of developing drugs that modify tau pathology as a strategy for preventing 

or treating AD. The prospect of severing the build-up of amyloid pathology from the 

spreading of pathological species of tau and neurodegeneration, as seen in both 

cases, either by targeting tau or enhancing mechanisms for its clearance, proffers an 

appealing therapeutic potential. It should be noted that APOE is widely expressed in 

the brain in relatively high amounts, while Reelin is expressed locally in specific brain 

structures during adulthood. This physiological difference can explain, at least partially, 

the protective phenotypes observed in the patients. 

 

The revealed molecular pathways offer interesting targets for the development of 

treatment strategies. For example, based on the findings from the APOE3ch variant, 

therapeutic strategies could be developed to mimic the reduced binding affinity of 

HSPG to limit tau propagation, activate the Wnt/β-catenin signaling pathway, or 

enhance tau uptake by astrocytes through the LRP1 receptor. From the RELN-
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COLBOS, developing LRP8 or VLDL receptor agonist to enhance Dab1 activity could 

be promising. For instance, antisense oligonucleotides (ASO) therapy targeting 

ApoER2 has been shown to improve synaptic function, learning, and memory in an AD 

mouse model. Interestingly, the ASO treatment seemed to be more beneficial to males 

than females [140]. However, the variations in molecular signatures between PSEN1 

E280A ADAD cases and sporadic AD, especially concerning autophagy, chaperones, 

and microglial activation, must be considered to develop prevention or therapeutic 

strategies. The application of prevention or treatment methods from ADAD studies to 

the broader AD population may pose challenges if the differences in their molecular 

profiles are pronounced. Adopting a precision medicine strategy might necessitate a 

classification based on the etiology of AD (ADAD vs AD) or the use of biomedical 

markers to develop pathway-driven treatments.         

 

Finally, while an in-depth characterization of large kindred, such as the Colombian, 

offers valuable context and additional information from heterozygous carriers of the 

APOE3ch variant, provides further support, drawing conclusions from single cases 

requires forethought. The validation of findings in vitro and in vivo also has limitations. 

iPSC-derived organoids mainly simulate early developmental processes and do not 

capture the complexities of an aging brain; mouse models may not accurately reflect 

the human-specific aspects of AD pathology. Furthermore, conducting post-mortem 

analyses on cases of end-stage disease presents challenges, as transcriptomic and 

proteomic changes may indicate secondary effects rather than primary mechanisms, 

and do not fully represent the dynamic process occurring early in the disease or the 

protective trajectory. In addition to the potential limitations of insights into AD pathology 

from the exceptional cases, we must consider whether the effects of lifelong genetic 

variants can be replicated by interventions initiated later in life. The APOE3ch and 

RELN-COLBOS mutations exist from conception, thereby affecting brain development, 

and the noted protective effect may stem from these developmental adaptations.    
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5. Conclusions 

 

Characterizing the protected APOE3ch and RELN-COLBOS carrier cases and their 

genetic underpinnings has profound implications for our understanding of AD 

pathogenesis. They give compelling evidence that AD progression is not an immutable 

fate exclusively bound to amyloid β misfolding and deposition. Instead, progression 

results from highly dynamic crosstalk between starting factors (PSEN1 mutation), 

downstream effectors (tau), modulatory pathways (APOE, Reelin), glial response, and 

vascular health. In the absence of a “theory of everything” to explain AD, it could be 

proposed that even if Aβ “sets the fire”, tau and other mediators are required to spread 

the flames. This highlights the possibility of genetic resilience in Alzheimer´s disease.  

 

A striking finding from the cases is the discrepancy between amyloid burden and 

clinical impairment, emphasizing the role of tau pathology in neurodegeneration and 

cognitive decline in the context of AD, and the relevance of targeted tau therapy, as 

well as combination strategies addressing both Aβ and tau. The multimodal approach 

used to characterize the cases, epidemiological studies, advanced structural and 

functional neuroimaging, neuropathological assessment, multiomics approaches (i.e., 

snRNAseq), and experimental models allowed a comprehensive insight into the 

genetic modifiers and their mechanisms. This collaborative model allows a feedback 

loop between human observational research and in vivo/in vitro mechanistic studies, 

offering a solid framework to address complex neurodegenerative diseases such as 

AD.  

 

From a therapeutic perspective, identifying protective mechanisms linked to enhanced 

Wnt signaling (APOEch) and regulated Reelin pathways (RELN−COLBOS) indicates 

new, validated targets in humans. This encourages a reevaluation of therapeutic 

approaches to strengthen the brain’s inherent protective systems against 

neurodegeneration beyond anti-amyloid therapy. Regarding clinical trials, these 

insights highlight the importance of considering the genetic background of the 

population to be treated. Unidentified protective variants may skew trial outcomes, 

obscuring actual treatment effectiveness. Individuals with unrecognized protective 

genotypes could bias the interpretation of the results, as a slowing decline in cognitive 



 

 

 

43 

impairment could be a mere reflection of inherently resilient participants. 

Consequently, future trial designs for ADAD, and potentially sporadic AD, should 

account for protective allele status as stratification criteria, conduct subgroup analyses 

based on pathway activations, or selectively include or exclude individuals with 

extreme phenotypes (resilience or rapid progression) to enhance understanding. 

 

Regarding public health and genetic counseling for families carrying ADAD-related 

mutations, the formerly grim perspective linked to possessing a deterministic mutation 

is now more complex due to the emergence of potential resilience factors. Genetic 

counselors may soon include tests for known protective alleles, which could enhance 

prognosis accuracy, facilitate personalized monitoring, and inspire discussions about 

polygenic effects even in monogenic disorders. In basic science, these insights are set 

to foster further research into the complex relationships among vascular biology, lipid 

metabolism (with APOE at its core), developmental neuroscience (where Reelin plays 

a role), and neurodegeneration. The significant influence of APOE and RELN variants 

emphasizes that AD is not just about plaques and tangles; it is also profoundly 

influenced by systemic and developmental factors.  

 

Critical limitations and important mechanistic questions should be addressed in future 

research. The limited number of subjects carrying protective variants requires careful 

consideration regarding the generalization of these findings. What is the exact 

mechanism by which the APO3ch mutation enhances Wnt3a signaling? What local 

factors explain the differences in protection or vulnerability observed across cortical 

regions between the APOC3ch and RELN-COLBOS carriers? How does increased 

affinity for GAG enhance Dab1 phosphorylation? Is there a downstream crosstalk 

between the ApoE and Reelin pathways?      

 

Finally, linking the knowledge gained from ADAD protection to sporadic AD is crucial, 

as ADAD is still considered a model for AD in general. Future studies should 

emphasize comparative multi-omics research involving various ADAD-causing 

mutations and large sporadic AD cohorts. This effort is vital to identify shared 

pathogenic pathways, which can be targeted therapeutically, instead of mechanisms 
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unique to specific diseases. This comprehension is essential for creating more 

effective, biologically based, and potentially stratified clinical trials. 
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12. Abstract  

 

Autosomal dominant Alzheimer´s disease (ADAD) provides an invaluable framework 

for the study of Alzheimer´s disease (AD) pathogenesis. Approximately 90% of all 

ADAD cases are due to mutations in the PSEN1 gene. In Antioquia (Colombia), a large 

kindred of individuals carrying the PSEN1 E280A mutation (Paisa mutation) has been 

described. Affected individuals from this kindred have a very predictable clinical 

course, typically presenting with cognitive impairment by their mid-forties. Yet, inside 

this population, two carriers of rare genetic variants have shown a remarkable 

resilience and remained cognitively healthy for decades beyond the expected age of 

onset (AOO). This thesis recapitulates five publications describing the clinical course, 

neuropathological landscape, and molecular underpinnings of these protected cases. 

The first case was a female patient, homozygous for the rare APOEε3 Christchurch 

(APOE3ch) variant, while the second one was a male carrying the H3447R RELN 

variant (RELN-COLBOS). A more modest but still clinically significant delay in the AOO 

was observed in heterozygous carriers of APOE3ch. Aside from the cognitive 

preservation, the two protected subjects shared a high amyloid burden comparable to 

a typical PSEN1 E280A case but markedly limited or atypically distributed Tau 

pathology. 18F-Flortaucipir PET scan and postmortem assessment revealed that the 

APOE3ch homozygote had relative sparing in the frontal cortex and an unusually high 

Tau accumulation in the occipital cortex, while the RELN-COLBOS carrier showed a 

striking preservation of the entorhinal cortex, a highly susceptible structure in AD 

pathogenesis. A multimodal approach, including snRNA-seq and spatial 

transcriptomics of human tissue, the generation of iPSC with the same genetic 

background and key mutation documented in the subjects, as well as organoids, 

mouse models, and in vitro assays, was used to elucidate the cellular and molecular 

pathways responsible for the protection. APOE3ch protection seems to be linked to a 

reduced affinity of APOE for heparan sulfate proteoglycans, potentially impairing tau 

uptake and spread and reducing Tau hyperphosphorylation via enhanced Wnt/β-

catenin signaling. RELN-COLBOS protection, on the other hand, would be related to 

reduced Tau hyperphosphorylation through increased Dab1 activity. Overall, the 

findings indicate that clinical protection against ADAD is possible, even in the context 

of a high amyloid burden, through mechanisms that mitigate Tau-mediated 

neurodegeneration and underscore the value of studying extreme phenotypes.   
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13. Zusammenfassung  

 

Die autosomal dominante Alzheimer-Krankheit (ADAD) bietet einen unschätzbaren 

Rahmen für die Untersuchung der Pathogenese der Alzheimer-Krankheit (AD). 

Ungefähr 90 % aller ADAD-Fälle sind auf Mutationen im PSEN1-Gen zurückzuführen. 

In Antioquia (Kolumbien) wurde eine große Verwandtschaft von Personen 

beschrieben, die die Mutation PSEN1 E280A (Paisa-Mutation) tragen. Die Betroffenen 

dieser Verwandtschaft haben einen sehr vorhersehbaren klinischen Verlauf, der 

typischerweise mit kognitiven Beeinträchtigungen im Alter von Mitte vierzig beginnt. 

Innerhalb dieser Population haben jedoch zwei Träger seltener genetischer Varianten 

eine bemerkenswerte Widerstandsfähigkeit bewiesen und sind jahrzehntelang über 

das erwartete Erkrankungsalter (AOO) hinaus kognitiv gesund geblieben. In dieser 

Arbeit werden fünf Veröffentlichungen rekapituliert, in denen der klinische Verlauf, die 

neuropathologische Landschaft und die molekularen Grundlagen dieser geschützten 

Fälle beschrieben werden. Bei dem ersten Fall handelte es sich um eine weibliche 

Patientin, die homozygot für die seltene APOEε3-Christchurch-Variante (APOE3ch) 

war, während der zweite Fall ein Mann war, der die RELN-Variante H3447R (RELN-

COLBOS) trug. Bei den heterozygoten Trägern der APOE3ch-Variante wurde eine 

geringere, aber dennoch klinisch signifikante Verzögerung der AOO beobachtet. 

Abgesehen von der kognitiven Erhaltung wiesen die beiden geschützten Probanden 

eine hohe Belastung durch Amyloid auf, die mit einem typischen PSEN1 E280A-Fall 

vergleichbar war, aber eine deutlich begrenzte oder atypisch verteilte Tau-Pathologie. 

Die 18F-Flortaucipir-PET-Untersuchung und die postmortale Beurteilung ergaben, 

dass der APOE3ch-Homozygote eine relative Schonung des frontalen Kortex und eine 

ungewöhnlich hohe Tau-Akkumulation im okzipitalen Kortex aufwies, während der 

RELN-COLBOS-Träger eine auffällige Erhaltung des entorhinalen Kortex zeigte, einer 

bei der AD-Pathogenese sehr anfälligen Struktur. Ein multimodaler Ansatz, der 

snRNA-seq und räumliche Transkriptomik von menschlichem Gewebe, die Erzeugung 

von iPSC mit demselben genetischen Hintergrund und denselben 

Schlüsselmutationen, die bei den Probanden dokumentiert wurden, sowie Organoide, 

Mausmodelle und In-vitro-Tests umfasst, wurde verwendet, um die für den Schutz 

verantwortlichen zellulären und molekularen Signalwege aufzuklären. Der APOE3ch-

Schutz scheint mit einer verringerten Affinität von APOE für Heparansulfat-

Proteoglykane zusammenzuhängen, was möglicherweise die Aufnahme und 
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Ausbreitung von Tau beeinträchtigt und die Hyperphosphorylierung von Tau über eine 

verstärkte Wnt/β-Catenin-Signalisierung verringert. Der Schutz durch RELN-COLBOS 

hingegen würde mit einer verringerten Tau-Hyperphosphorylierung durch erhöhte 

Dab1-Aktivität zusammenhängen. Insgesamt deuten die Ergebnisse darauf hin, dass 

ein klinischer Schutz gegen ADAD möglich ist, selbst im Kontext einer hohen 

Belastung durch Amyloid , mit Hilfe von Mechanismen, die die Tau-vermittelte 

Neurodegeneration abschwächen, und unterstreichen den Wert der Untersuchung 

extremer Phänotypen.   
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14. List of abbreviations  

 

AD Alzheimer´s disease 

ADAD Autosomal dominant Alzheimer´s disease 

AICD Amyloid precursor protein intracellular domain 

AMY Amygdala 

AOO Age of onset 

APH1A Anterior pharynx-defective 1 

APLP1 Amyloid precursor-like protein 1 

APLP2 Amyloid precursor-like protein 2 

APP Amyloid precursor protein 

A Amyloid beta 

CAA Cerebral amyloid angiopathy 

CAU Caudate 

CB Cerebellum 

CERAD Consortium to Establish a Registry for Alzheimer's Disease 

CMRgl Cerebral metabolic rate of glucose 

CNG Cingulate cortex 

CSF Cerebrospinal fluid 

CTF Carboxy-terminal fragment 

ERC Entorhinal cortex 

FAD Familial Alzheimer´s disease 

FFPE Formalin-fixed paraffin-embedded 

FTP 18F-Flortaucipir 

FZD Frizzeld 

GAG Glycosaminoglycans 

GWAS Genome-wide association study 

HIP Hippocampus 

HSPG Heparan sulfate proteoglycans 

IPC Inferior parietal cortex 

ITC Inferior temporal cortex, 

LDLR Low-density lipoprotein receptor 

LTP Long-term potentiation 
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MCI Mild cognitive impairment 

MED Medulla oblongata.  

MES Mesencephalon 

MFC Medial frontal cortex 

MRI Magnetic resonance imaging 

MTBR Microtubule-binding repeat 

MTC Middle temporal cortex 

NFTs Neurofibrillary tangles 

NICD Notch intracellular domain 

NTF Amino-terminal fragment 

OL Occipital lobe 

PEN2 Presenilin enhancer 2 

PET Positron emission tomography 

PiB Pittsburgh compound B 

PON Pons 

PSEN1 Presenilin 1 

PSEN2 Presenilin 2 

PUT Putamen 

RORB Retinoid-related orphan receptor B 

SAD Sporadic Alzheimer´s disease 

STC Superior temporal cortex 

THA Thalamus 

TM Transmembrane domain 

VLDLR Very low-density lipoprotein receptor 

WES Whole-exome sequencing 

WT Wild-type 
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