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Abstract 
 

The accumulation of amyloid-beta (Aβ) and intracellular neurofibrillary tangles (tau) in the brain 
are the two major neuropathological hallmarks of Alzheimer's Disease (AD). Active and passive 
immunotherapies have been tested for limiting cerebral Aβ deposition and/or accelerate its 
clearance. In such way, with our focus on AD diagnosis and therapy, we have created and 
characterized a bunch of antibodies targeting Aβ and tau.  
The STAB-Mab was developed in 2011 with theranostic purposes, and now has been 
biochemically characterized and tested in pre-clinical trials, demonstrating significant biochemical 
and cognitive improvements in mice AD models. The use of a number of analytical techniques, 
form WB to NMR, allowed us to confirm a widespread epitope centered within the first half of the 
Aβ peptide. This interaction allows STAB-Mab to bind several aggregated species, besides 
monomers and APP and to inhibit the stabilization of β-strand motifs, which could be the reason 
of the promising pre-clinical results.  
The two minibodies derived from the STAB-Mab were designed for being significantly smaller and 
more versatile, however, their functionality was seriously affected, having a significantly lower 
affinity and being unable to stop AD pathology in mice AD models. 
On the other hand, within another European Project addressing tau pathology, we have 
developed a series of hybridomas producing monoclonal antibodies specifically targeting tau 
wearing certain post-transcriptional modifications. The most promising specific antibodies 
targeting acetylated and phosphorylated tau were delivered to the partners to be tested with 
biological and clinical samples. 
Keywords: Alzheimer´s, Aβ, APP, tau, antibody, immunotherapy, theranostic 
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Resumo 
 

A acumulação de beta amilóide (Aβ) e nós neurofibrilares intracelulares (tau) no cérebro são 
duas das principais características neuropatológicas da doença de Alzheimer (AD). 
Imunoterapias ativa e passiva tem sido duas das estratégias mais testadas para limitar a 
deposição cerebral e/ou acelerar a eliminação destas duas proteínas. Assim, com o foco no 
diagnóstico e terapia de AD, temos criado vários anticorpos dirigidos contra Aβ e tau. 
O STAB-Mab foi desenvolvido em 2011 com fins diagnósticos e terapêuticos, e é agora 
caracterizado e testado em ensaios pré-clínicos, mostrando melhorias significativas em modelos 
cognitivos e bioquímicas de modelos animais de AD. O uso de um número de técnicas de análise, 
desde WB ao RMN, tem permitido confirmar um amplo epitopo e centrado na metade N-terminal 
do péptido do Aβ. Esta interação deverá permitir ao STAB-Mab reconhecer várias espécies 
agregadas de Aβ, para além de monómeros e APP e, simultaneamente, inibir a estabilização de 
estruturas β-strand, o que pode ser a razão para os promissórios resultados pré-clínicos 
observados. 
Dois Minibodies derivados do STAB-Mab foram concebidos para ser significativamente menor e 
versátil, no entanto, a sua funcionalidade parece ter sido gravemente afetada, com uma afinidade 
significativamente menor e incapazes de retraçar a patologia em modelos animais de AD. 
Além disso, em outro projeto europeu, que aborda a patologia da tau, tem sido desenvolvida uma 
série de hibridomas a produzir anticorpos monoclonais específicos para tau com certas 
modificações pós-transcricionais. Os anticorpos específicos mais promissores a reconhecer dois 
fragmentos da proteína tau, um acetilado e outro fosforilado em diferentes resíduos foram 
entregues aos parceiros do projeto para serem testados com amostras biológicas e clinicas. 
Palavras chave: Alzheimer, Aβ, APP, tau, anticorpo, imunoterapia, diagnostico 
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1.  State of the Art 
 
1.1. Disease description 
1.1.1. History 
Back in 1906 South-West German Psychiatrists meeting in Tubingen (Germany), Alois Alzheimer, 
a psychiatrist and neuroanatomist, described a strange and severe disease found in a 50-year-
old woman called Auguste Deter. He reported the woman had suffered a progressive disorder 
consisting in paranoia, sleep alteration, memory disturbance, aggression, confusion and finally 
death 5 years later after her admission. The disease pathology presented defined plaques and 
neurofibrillary tangles that were identified in post-mortem brain histology examinations of this 
case and other patient´s cases described by Alzheimer in 1909 and 1911. Rapidly, “Alzheimer´s 
disease” was included in the 3th edition of Psychiatrie in 1910 and, later on, Alzheimer gained 
the chair of psychiatry in Breslau before his death in 1915 [1].  
More recently, in 1984, a meeting gathering some prominent scientist took place in Scotland to 
discuss the pressing problem of a severe disease affecting goats and sheep, scrapie disease. 
This illness jumped from animal to animal without leaving vestige of any virus or microorganism 
and the only trace it left behind was insoluble plaques formed by numerous aggregated protein 
clumps. On the first dinner of that meeting a neurologist called Colin Masters and a protein 
sequencing expert Konrad Beyreuther talked about the similarities between scrapie and a human 
disease that also presented plaques in the brain. It was called Alzheimer´s disease (AD). Masters 
and Beyreuther started to collaborate in this field, unleashing the smallest stable protein present 
in AD samples, a ≈40 amino acids peptide that they called A4. This peptide was later known as 
amyloid beta (Aβ). Their collaboration was probably the most important stimulus to modern AD 
research and launched one of the most important study lines, the amyloid hypothesis [33]. 
 
1.1.2. AD Numbers 
According to 2015 World Alzheimer Report [2], AD is one of the most widespread diseases among 
heart disease, cancer and stroke, affecting 46.8 million people worldwide nowadays. Projection 
of the AD cases in the future predicts that there will be around 74.7 million in 2030 and 131.5 
million in 2050 (Figure 1.1). That means that the number will almost double every 20 years, 
estimations 12-13% higher than those made for the World Alzheimer Report 2009. On the other 
hand, new AD incidence estimations are 30% higher than the ones calculated in 2010, reaching 
9.9 million cases per year. These new cases are regionally distributed as 4.9 million (49% of the 
total) in Asia, 2.5 million (25%) in Europe, 1.7 million (18%) in the Americas, and 0.8 million (8%) 
in Africa [2]. 

 
Figure 1.1. Number of cases registered and described in the 2015 World Alzheimer Report. Cases are distributed by 
regions and worldwide. The estimations for years 2030 and 2050 were calculated from the evolution of the cases between 
the World Alzheimer Reports of 2010 and 2015 [2, 557].  
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Global costs are also dramatically increasing year by year, reaching US$ 818 billion in 2016, 
drawing a projection in the future of a 35% increase per year, passing the US$ trillion in 2018. 
For instance, this is affecting all health systems around the world, taking huge amounts of human 
and material resources and money [556]. 
 
1.1.3. A short description of AD 
During the last years, AD has been described as a neurodegenerative disorder that causes 
dementia, depriving people of their memory, functionality and dignity. It is an important 
neurodegenerative disease that affects the central nervous system and physiologically 
characterized by the presence of increased extracellular Aβ deposits (neuritic plaques) and 
intracellular tau protein neurofibrillary tangles. But also deposits of α-synuclein (Lewy bodies) and 
TDP43 are frequently found in AD patient’s brains among cerebrovascular lesions. Some 
identified early symptoms of AD are short-term memory loss, difficulty in daily life tasks developing 
and social life deterioration [33]. 
However, that disease description based on clinical symptoms such as memory loss and cognitive 
decline has been recently reformulated in order to be focused on the biological basis and changes 
that lead to the development of AD [487]. The committee designated by the National Institute on 
Aging and the Alzheimer´s Association (NIA-AA) agreed that only biomarkers that are specific for 
hallmark AD proteinopathies (i.e., Aβ and pathologic tau) should be considered as potential 
biomarker definitions of the disease. In this regard, Aβ (A), pathologic tau (T) and 
neurodegenerative/neuronal injury biomarkers (N) and cognitive symptoms (C) were taken as the 
reference parameters for the new clinical definition and staging. A and T indicate specific 
neuropathological changes that define Alzheimer’s disease, whereas (N) and (C) are not specific 
to Alzheimer’s disease and are therefore placed in parentheses. According to these new 
guidelines, the biomarker profiles would be associated to a disease category as is shown in Table 
1.1: 
 

Table 1.1. New proposed descriptive nomenclature: Syndromal cognitive staging combined with biomarkers 
(adapted from ref 487). 

 Cognitive stage (C) 

AT(N) Profile Cognitive Unimpaired Mild Cognitive 
Impairment Dementia 

A-T-(N)- normal AD biomarkers, 
cognitively unimpaired 

normal AD biomarkers 
with MCI 

normal AD biomarkers 
with MCI 

un Preclinical Alzheimer’s 
pathologic change 

Preclinical Alzheimer’s 
pathologic change 

Preclinical Alzheimer’s 
pathologic change 

A+T+(N)- Preclinical Alzheimer’s 
disease 

Preclinical Alzheimer’s 
disease 

Preclinical Alzheimer’s 
disease A+T+(N)+ 

A+T-(N)+ 

Alzheimer’s and 
concomitant suspected 
non Alzheimer’s 
pathologic change, 
cognitively unimpaired 

Alzheimer’s and 
concomitant suspected 
non Alzheimer’s 
pathologic change, 
cognitively unimpaired 

Alzheimer’s and 
concomitant suspected 
non Alzheimer’s 
pathologic change, 
cognitively unimpaired 

A-T+(N)- 
non-Alzheimer’s 
pathologic change, 
cognitively unimpaired 

non-Alzheimer’s 
pathologic change, 
cognitively unimpaired 

non-Alzheimer’s 
pathologic change, 
cognitively unimpaired 

A-T-(N)+ 
non-Alzheimer’s 
pathologic change with 
MCI 

non-Alzheimer’s 
pathologic change with 
MCI 

non-Alzheimer’s 
pathologic change with 
MCI 

A-T+(N)+ 
non-Alzheimer’s 
pathologic change with 
dementia 

non-Alzheimer’s 
pathologic change with 
dementia 

non-Alzheimer’s 
pathologic change with 
dementia 

 
1.1.4. Anatomic Brain Changes During AD 
Anatomically, AD affects different brain areas depending on the pathology progression. In AD 
progression, the hippocampus and its connected structures are the first areas affected. This 
affects the formation of new memories or learning new information. The hippocampus is needed 
for formation and retrieval of memories, although retrieving long term memories may depend less 
on it. 
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Amygdala may be the next area affected after the hippocampus. Due to it, a person with AD will 
often recall emotional aspects even if they do not recall the factual content. As AD pathology 
spreads through the brain, additional areas such the cortex are affected, suffering important cell 
loss becoming thinner and shrinking. This is when also older memories are lost. 
The left hemisphere is one of the areas affected after amygdala and cortex, and which damage 
is linked to problems with semantic memory and language. Also the visual system in the temporal 
lobes is affected, making recognizing familiar faces and objects harder. However, due to the 
pathways for vision and hearing are separate, AD patients may still know who that person is if 
they hear them speak. At the right parietal lobe, pathology spreading might cause problems with 
judging distances in three dimensions. 
As the damage expands to the frontal lobes, decision-making, planning or organizing functions 
would be affected. A complex task composed by a sequence of steps, might become much 
harder. 
However, in contrast to these losses, some abilities could be retained, particularly those acquired 
long ago. Learned relying on procedural memories are mostly stored deep within the brain, 
allowing these skills to be retained the longest. 
 
1.1.5. Tau Braak Stages 
Also the changes in tau neurofibrillary metabolism and morphology occurring during AD pathology 
development permit to differentiate several stages. These stages definition has been extensively 
used for AD diagnosis during the last years. The distribution pattern allows to identify six stages, 
that could be summarized into more general three steps. This recognizable pattern and its stages 
are the so-called “Braak Stages”, and are summarized here [490]: 

 
Table 1.2. Summary of the main Braak stages with the physiological and anatomical changes in the brain 
observed at each stage. 
Braak 
Stage Stage description 

Stage I. 
- First lesions in the transentorhinhal region are detectable. 
- The projection cells in this region are the first in accumulate detectable hyperphosphorylated tau. 
 

Stage II 
- Lesions spread from transentorhinal to entorhinal region, particularly to its superficial cellular layer.  
- AT8-positive* areas start to appear in hippocampal CA1 and CA2 regions. 
- First neuritic plaques (NPs) became detectable in CA1. 

Stage III 

- Lesions detected in stages I and II become more severe.  
- The disease progression encroaches through the fusiform and lingual giry of the neocortex.  
- All the external layers in entorhinal area show a number of AT8-positive* neurites, as in CA1 and 
CA2 hippocampal areas. Moreover, CA3 and CA4 start to present a number of AT8-positive* mossy 
cells.  
- Few NPs start to develop in the neocortex II to IV layers. 

Stage IV 

- Lesions progress widely into neocortical associated areas. Areas affected in Stage III present even 
worse symptoms. 
- CA1 and CA2 present dense AT8 immunoreactivity, as it present large numbers of mossy cells in 
CA3 and CA4 areas.  
- The pathology invades the mature neocortex, accompanied with the develop of neuritic plexuses in 
the middle temporal convolution while the occipital neocortex remains unaffected or presenting few 
AT8-positive pyramidal cells and NPs in the Broadmann area 19. 

Stage V 

- Neocortical disease progression spread through frontal, superolateral and occipital directions, 
reaching the peristriate region.  
- Lesions extend through first temporal convolution and association areas of the frontal, parietal and 
occipital neocortex.  
- Primary visual field (striate area) also starts to show punctual AT8-positive* areas. 

Stage VI 

- The pathology extends to the secondary and primary neocortex areas and reaches the striate area 
in the occipital lobe.  
- In the final stage of the disease progression almost all the neocortex present severe lesions, in 
addition to all the areas affected in the previous stages. 

*AT8 is a monoclonal antibody that specifically binds hyperphosphorylated tau protein. It is widely used in clinic. 
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1.1.6. Types  
Although AD mainly affects people older than 65 years-old (50% of the people older than 85 face 
the risk of suffering the disease), it is not necessarily an age-related disease. In fact, we can 
classify different types of AD in function of its origin and the age of onset. By these criteria we can 
dissect AD into four categories: early onset familial AD (eFAD), late onset familial AD (lFAD), 
early onset sporadic AD (eSAD) and late onset sporadic AD (lSAD) [436, 68, 369].  
However, we should consider AD as a continuum, a combination of several factors and different 
grades across these elements. Although there is not clear consensus, an AD diagnosis in the 
thirties, forties and fifties is considered early onset AD and from 75 years old and ahead, late 
onset AD. Formal diagnostic tests set the differentiation line in 65 years old. 
By this way, eFAD is characterized by a very early presentation of the symptoms, caused by 
genetic factors related to APP and its processing that will be detailed in next section. Literature 
estimates that this AD form conforms the 2 to 5% of all AD cases, although is quite difficult to 
assess due to complex diagnosis of the disease. eSAD is another class of patients which present 
the symptoms in an early stage (before 65 years-old) but without any confirmed correlation with 
any genetic factor. On the other hand, among patients presenting the first symptoms after the age 
of 65, we can differentiate between confirmed genetic cause (lFAD) and others without a genetic 
correlation (lSAD) [368, 369]. 
We still do not understand completely the contribution of genetics and environment to AD, but it 
must be considered as a drawing spectrum following the premise that the later the onset of AD, 
the more environment and aging factors are supposed to influence and dominate over genetic 
predisposition and, on the other hand, the earlier the age of onset, the more probable AD will be 
driven by genetic factors [436]. 
 
1.1.7. Risk factors 
Despite there is not a complete consensus about the pathophysiology of AD [3], in 2011 the 
National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer 
Disease and Related Disorders Association (NINCDS-ADRDA) updated the criteria set 
developed in 1984 to allow clinicians and researchers to maintain certain diagnosis coherence 
based in the most recent technological advances and scientific data related to the genetic 
understanding of the disease or newly found biomarkers [11, 12]. From these studies, there have 
been found evidences of a number of different factors that seem to contribute, to a greater or 
lesser extent to AD incidence. 
 
1.1.7.1. Genetic factors 
AD is a genetically complex disease, showing a heritability between 54 and 79%. The AD form 
denominated eFAD is the result of some autosomal-dominant genetic mutations in chromosomes 
1, 14 and 21, responsible for amyloid precursor protein (APP), presenilin 2 (PSEN2) and 
presenilin 1 (PSEN1) coding respectively. Among these three, PSEN1 mutation seems to be the 
most frequent in eFAD patients (Table 1.3) [65, 66, 67, 364].  
These high penetrant mutations, are essentially autosomal inherited and lead to increased Aβ(1-
42) peptide production and aggregation rates and to early onset of AD, usually starting during the 
fourth or fifth decade of patient´s life. APP mutations are present in less than 1% of all AD patients. 
All APP missense mutations affect the protein processing and/or aggregation due to being 
positioned in or near the Aβ-coding exons (16 and 17) (see AD Mutation Database, 
http://www.molgen.vib-ua.be/ADMutations/). Another APP gene mutation found related with AD 
involves a microduplication in the APP locus in chromosome 21 [369].  
Nowadays there have been identified more than 180 mutations related with AD in PSEN1 gene 
meanwhile only 14 mutations have been identified in PSEN2 gene. The vast majority of mutations 
in PSEN genes are single-nucleotide substitutions, but there also been identified some small 
deletions and insertions. Mutations in PSEN genes alter the γ-secretase proteolytic cleavage of 
APP, leading to an increased Aβ(1-42)/ Aβ(1-40) ratio, which suggest a partial loss-of-function 
instead of a gain-of-function [68]. Mutations in these genes represent a low percentage of total 
AD cases, but their discovery lead to an essential understanding of the role of Aβ in the 
pathogenesis of AD. In consonance with these findings, Aβ hypothesis point to that 
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neurodegenerative processes present in AD pathology are a consequence of the imbalance 
between Aβ production and clearance, suggesting that other genes related to these pathways 
could also be risk factors [369]. 
Regarding the so-called common variants typically related to late-onset AD, ApoE seems to be 
the strongest factor, which Apoε4 variant, even without been considered a deterministic mutation, 
is a classic risk factor supposed to be related with an important increase of the probability to 
develop AD and the earlier apparition of the disease. Multiple allelism (ε2, ε3, and ε4) has been 
described, where ε3 is considered a neutral allele, ε4 the high-risk allele, and ε2 a protective 
allele. It has been also found that allele ε4 could influence the disease onset in a dose-dependent 
way [69]. However, the percentages of cases supposedly related to ε4 allele is about 20% (Table 
1.3) [70].  

 
Table 1.3. Main gene variants associated with AD (adapted from ref. 369). 

Gene Main alteration Presumed mechanism 

Amyloid precursor protein (APP) Mutation Autosomal dominant, mostly early 
onset 

Presenilin 1 (PSEN1) Mutation Autosomal dominant, mostly early 
onset 

Presenilin 2 (PSEN2) Mutation Autosomal dominant, mostly early 
onset 

Apolipoprotein-E (APOE) Common variant Familial and sporadic, late onset 

Sortilin-related receptor (LDLR class) Common variant Familial and sporadic, late onset 

Clusterin (CLU) Common variant Sporadic, late onset 

Phosphatidylinositol binding clathrin assembly 
protein (PICALM) Common variant Sporadic, late onset 

Complement component (3b/4b) receptor 1 
(CR1) Common variant Sporadic, late onset 

Bridging integrator 1 (BIN1) Common variant Sporadic, late onset 

ABCA7 Common variant Sporadic, late onset 

 
Moreover, several Genome-Wide Association Studies (GWAS) performed by the Genetic and 
Environmental Risk for Alzheimer’s disease Consortium (GERAD) in the last years have identified 
several novel variants in clusterin (CLU), phosphatidylinositol binding clathrin assembly protein 
(PICALM), complement component (3b/4b) receptor 1 (CR1), bridging integrator 1 (BIN1), the 
TP-binding cassette (ABC) transporter A7 (ABCA7), CD2-associated protein (CD2AP), CD33 
receptor and Ephrin type-A receptor 1 (EPHA1) genes associated to the development of the 
disease and other underlying pathologic mechanisms  [71, 72, 73, 363, 364, 366, 367, 368]. Some 
of these genetic variants have been confirmed in other non-Hispanic and Hispanic populations 
[74, 75, 76], while others have not (Table 1.3) [367, 124]. 
 
1.1.7.2. Non-genetic factors 
Regarding to AD-related non-genetic risk factors, cerebrovascular disease including infarcts, 
cerebral haemorrhage or vasculopathies seem to be some of the most solid factors, but also 
hypertension, diabetes, obesity, smoking and dyslipidemia all seemed to be related to the disease 
development [369].  
It has been found that presence of cerebrovascular disease or stroke accidents could increase 
two-fold the incidence of new-onset dementias [48], may be due to destruction of brain 
parenchyma, thalamic strokes, atrophy [49, 50] and an increased levels of p25 gene expression; 
a deregulator of the cyclin dependent kinase 5 (CDK5) activity, ultimately leading to the 
accumulation of hyperphosphorylated forms of the microtubule-associated protein tau; and β-
secretase (BACE1), which could lead to a higher Aβ production and deposition [51, 52].  
Some cross-sectional and longitudinal studies have pointed to a significant relation between high 
blood pressure during mid-age and the incidence of dementia in the late-ages [53, 54, 55]. 
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However, trials using anti-hypertensive drugs in AD have reported non-conclusive results [56, 
57]. 
Type II diabetes has also been associated with about two-fold increase in AD incidence [58, 59, 
558]. It is hypothesized that the hyperinsulinemia could interfere with Aβ clearance through 
competition for the insulin-degrading enzyme (IDE) [58,60]. Moreover, adiponectin, resistin, 
leptin, interleukin 6 (IL-6) or tumor necrosis factor α (TNF-α) expression seem to be correlated 
with hyperinsulinemia and insulin resistance, factors directly and indirectly related with AD 
development [61, 62]. 
Some of these complications are derived from diet and other habits, like smoking, contributing to 
imbalance oxidative metabolism, cholesterol levels, increasing vascular risk and increasing cell 
death [13, 14, 15, 16, 17]. 
Another non-genetic risk proposed by some researchers in the last years is the infection of the 
central nervous system (CNS) by fungi or viruses. Some works published since 2014 found fungal 
proteins, RNA and DNA in AD patient´s brains, pointing to fungal infection as one of the causes 
of, at least, some types of AD [501]. One more work published in 2018 described the presence of 
viral RNA and DNA in AD patients from different cohorts, finding pathogenic regulation of 
molecular, clinical, and neuropathological networks by two strains of human herpesvirus (HHV-
6A and HHV-7) [559]. However, whether these findings represent a causal and significant 
contribution, or reflect the presence of opportunistic passengers during neurodegeneration, is still 
something unclear and difficult to resolve. 
 
1.1.7.3. Protective factors 
On the other hand, some types of activities or habits could be related with a decrease in AD 
incidence and severity, called “protective factors”. A higher education, physical activities or an 
increased leisure activity are supposed to provide an “extra” cognitive reserve, increased lipid 
metabolism, neuronal plasticity and brain vascularization, and general mental stimulation [37, 38, 
44, 45, 47]. Diet seems to also play an important role, with special mention to Mediterranean diet 
and omega-3 fatty acids, with could be related to higher levels of antioxidant and anti-
inflammatory brain factors [41, 42, 43]. Although those factors seemed to work as a protection 
against the disease development, there is still a lot of controversy between results from different 
populations and methods and must be taken into account with reserve [369]. 
 
1.1.8. Pathophysiological description 
Aggregation and misfolding of certain proteins seem to be in the origin of diseases like AD and 
Parkinson. Pathologic signals are derived from the conversion of starting monomeric and soluble 
species into aggregated, organized, insoluble fibrillary species. This process is controlled and 
could be affected by a number of mechanisms and parameters in the complexity of the cellular 
environment. Multiple hypothesis have been risen on the basis of the multiple factors responsible 
for the disorder such as amyloid hypothesis, tau hypothesis, cholinergic hypothesis, inflammation 
hypothesis and, as previously assessed, fungal or viral infections [4, 501, 559].  
Most recent and important research works on the field point to amyloid and tau hypothesis as 
major players in the disease origin and progression, but, how, when and where AD leading Aβ(1-
42) starts to gain pathological role in the disease progression? Or maybe is some form of tau the 
triggering cause for the Aβ pathology-related molecular processes? Several works leaded by 
Braak and colleagues have pointed that the apparent very early appearance and spread of 
intraneuronal hyperphosphorylated tau forms from the brainstem to the superior cerebral cortex 
areas is not accompanied nor preceded by Aβ(1-42) extracellular deposits [147]. However, the 
lack of a known link between tau mutations and AD weakens the hypothesis of being tau the only 
and primary origin of the disease. On the other hand, there are a number of published works 
supporting that Aβ(1-42) oligomers in fact could induce tau hyperphosphorylation, neurofibrillary 
tangles (NFTs) formation, and synaptic pathology even in the absence of visible senile plaques. 
In fact, the easily visualized fibrillary and insoluble Aβ(1-42) deposits are not the main toxic 
elements [152, 308]. 
Nevertheless, the difficult visualization and control of soluble Aβ(1-42) oligomer species and other 
tau species make complicated to follow the pathology and could induce to errors [148, 149, 150, 
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151]. A schematic representation of a theoretical model considering all these main suspects and 
their evolution along the disease progression is presented in Figure 1.2. 
 

Figure 1.2. Arbitrary graphic showing the 
evolution of different biomarkers and 
cognitive decline during the development 
of AD. Cerebrospinal fluid (CSF) Aβ(1-
42) and imaging of aggregated Aβ(1-42) 
in the brain show a fast accumulation in 
both compartments during the first pre-
symptomatic stages of the disease, 
preceding cognitive and functional 
decline. Tau seems to have a more 
stable and gradual accumulation in CSF 
along the disease development, 
stabilizing in the late stages. On the other 
hand, is has been observed that 
hippocampal shrinking is more 
accentuated along the previous phase to 
dementia, being correlated by an 
important decline in cognitive functions 
(adapted from ref 437). 
 

 
1.1.8.1. Aβ hypothesis 
Under normal healthy conditions, Aβ seems to work as a synaptic activity regulator [153] and 
even to play an important role in memory formation and consolidation [154]. In these physiological 
conditions Aβ(1-42) monomers are degraded by several proteases such as IDE, neprilysin, or 
deriving those monomers into the circulation, outside brain [150, 151]. But when the organism 
ages, neurons become fragile and prone to develop other disorders that decreases the Aβ(1-42) 
degrading and clearing capacity to the vascular compartment, leading to the accumulation of 
these species and aggregation forming extracellular toxic oligomers, fibrils and plaques. Here we 
present a comprehensive compendium of the last and most important findings on this mechanistic 
hypothesis: 
 
1.1.8.1.1. APP 
The first player in this process is APP, a type I single-pass transmembrane protein encoded by a 
unique gene placed in GRCh38.p7, chromosome 21 with a large extracellular domain formed by 
E1 and E2 subdomains linked by the acidic domain (AcD), a transmembrane region and a shorter 
cytoplasmic tail (Figure 1.3). It is synthesized in the endoplasmic reticulum (ER) and transported 
to the cell membrane via the secretory pathway. As transiting through Golgi apparatus, APP can 
suffer several post-transcriptional modifications such as phosphorylation, glycosylation and 
sulfation. APP is later delivered to the plasma membrane. [159, 160, 161].  
Three major isoforms derived from alternative splicing have been described: APP695 APP751 
and APP770. APP family physiological functions are very extensive and diverse, from 
neuroprotection, cell adhesion, synaptogenesis, synapsis stability and plasticity, gene regulation, 
subcellular trafficking or necroptosis, being able to work as cell surface receptor-like proteins or 
as ligands and to form cis and trans dimers, but it is probable that there still exist more unknown 
functions and interacting ligands (Figure 1.3) [10, 162, 163, 164, 165, 166]. 
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Figure 1.3. Schematic representation of APP and molecular interacting partners. Some of the APP molecular partners 
have their interacting domains already mapped (in the figure, in the same color of the interacting sequence). There are 
also some proteins that require adaptors for interacting with APP (shown in bold and subsequent panels). Also some 
members of the low density lipoproteins receptor´s (LDLR) family are known to interact with APP both with its extracellular 
and intracellular domain (adapted from ref 10).  

 
Although there is no spatial structure solved of the whole APP molecule, there is available 
information from X-ray crystal structure studies for the independently folded E1 (4PWQ, 3KTM) 
[441,442] and E2 (3NYJ) [440] extracellular subdomains. Some studies have shown that APP 
can form intracellular dimers, but the mechanisms implicated remain controversial. It has been 
observed that three regions of APP, including the conserved domain E2, which is believed to 
have trophic functions as well, are involved in APP dimerization [440, 10]. E1 subdomain is 
composed by the growth factor-like domain (GFLD), which contains the first heparin-binding 
domain (HBD), and the copper-binding domain (CuBD). In the most common APP isoform 
APP695, the AcD is most likely to be unfolded and highly flexible, directly linking E1 to E2. There 
also are NMR solved structures of the cytoplasmic tail [444] and C-terminal fragment-β (CTFβ) 
[443], including the transmembrane domain (TMD). The TMD is a flexibly curved α-helix, target 
of γ-secretase. It also seems to be a suitable binding site for cholesterol, pointing to a mechanistic 
way to how cholesterol promotes amyloidogenesis. It also contains several membrane-buried 
GXXXG motifs which have demonstrated to have an important role in oligomerization besides to 
play a key role in cholesterol binding (Figure 1.4) [10]. 

 
Figure 1.4. Solved structures of APP: E1(left, PDB ID: 4PWQ), E2 (center, PDB ID: 3NYJ) and CTFβ (right, PDB ID: 
2LP1) domains solved by X-ray diffraction and NMR. Solved E1 structure is conformed by the growth factor like and the 
copper binding domains. E2 domain, proposed as a contributor to APP dimerization, is conformed by several well 
conserved α helices that interact with homologous structures by residues in position 369 and 433. The CTFβ solved 
structures show an extracellular amino terminus conformed by a surface-embedded N-helix connected to the TMD by a 
short loop. 
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1.1.8.1.1.1. APP trafficking 
APP trafficking implies a complex network composed by several protein interactions. Starting with 
the internalization of the protein from the membrane in specialized clathrin-mediated endocytic 
pathway, process that requires previous clustering of APP via cholesterol and flotillins (REF). At 
the same time, BACE1 is also internalized via ADP-ribosylation factor 6 (ARF6) pathway, meeting 
APP at the early endosomes. In early endosomes, the pH is the ideal for APP β-secretase 
cleavage, generating the β-cleaved soluble ectodomain and the β-CTF fragment. The β-CTF 
fragment is further cleaved by γ-secretase at early and late endosomes. The APP intracellular 
domain (AICD) might be sorted to the nucleus for gene regulation functions [166] while Aβ would 
be transported to the multivesicular bodies (MVBs), where it can accumulate [169] or be released 
in exosomes or autophagosomes [18, 371].  

 
Figure 1.5. Membrane trafficking and processing pathways of APP. APP is internalized, processed and alternatively 
sorted to trans-Golgi network (TGN), nucleus or membrane retrieved via several pathways. β- and γ-cleavage of APP are 
produced at the early endosomes and then the products are sorted to the nucleus (AICD), to the lysosomal compartment 
or released to the extracellular space via exosomes (Aβ) (adapted from ref 18).  

 
APP can also be subject of retrieval to the membrane via ras-related protein 4 (rab4) [94]. 
However, some protein complexes such as vacuolar protein sorting-associated protein 26 
(VPS26), VPS29, VPS35 or sortin nexins (SNX) could bind to the sortilin-related receptors 
SorLA/SorCS1 and other retrieval receptors and lead APP to the TGN (Figure 1.5) [18]. 
Furthermore, it has been recently observed that APP sorted into MVBs upon ubiquitinations via 
CD2AP at early endosomes at the dendrites [372] (Figure 1.5). 
 
1.1.8.1.1.2. APP Processing 
In the canonical Aβ cascade hypothesis, APP is cleaved by the α-secretase in normal 
physiological conditions, producing sAPPα fragment and CTFα fragment, which then is cleaved 
by γ-secretase generating the P3 peptide [18]. Alternatively, APP is processed by β-secretase, 
which is a membrane-bound aspartyl protease, producing sAPPβ and CTFβ fragments [111]. 
There exist two known major forms of the enzyme, BACE1 and BACE2 [112, 113]. Although the 



 10 

major responsible for the Aβ production, BACE1, is mainly expressed in brain, is also found at 
lower levels in other organs [111]. On the other hand, its homologous form, BACE2, is more 
commonly expressed in peripheral tissues rather than in brain [113]. However, some studies have 
shown that, although BACE1 exerts the major β-secretase activity in brain, some residual activity 
might be accountable to BACE2 [135] and even compete for the same substrates. BACE1 has 
been targeted by a number of pre-clinical and clinical trials [143], however, no successful 
treatments have been found to the date [307].  
The γ-secretase complex, comprising PSEN1, PSEN-2, APH-1 and nicastrin subunits, is a 
membrane-embedded protease that controls a number of important cellular functions through 
substrate cleavage [91, 228, 292]. The γ-secretase cuts CTFβ in several transmembrane 
cleavage sites, liberating shorter and less harmful Aβ species. However, an inefficient cleaving of 
the fragment results in the generation of longer and more susceptible to aggregate Aβ species, 
ultimately leading to pathology spreading [19, 20, 21, 292] (Figure 1.6). 

 

Figure 1.6. APP processing related to the canonical Aβ cascade hypothesis. APP canonical cleavage is produced by four 
secretases, α-secretase, β-secretase, γ-secretase and caspase, generating several products with different metabolic 
functions and pathologic roles. So Aβ would be generated by cleavage of β- and γ-secretases, being a disequilibrium of 
the α-secretase activity the main reason of Aβ accumulation in the cell. 

 
However, recent studies have enlightened that APP metabolism is much more complex than it 
was thought, implying more enzymes, interactions between them and generating other Aβ 
species that could be as important as Aβ(1-42) peptide for the AD development [560].  
Δ-secretase 

Δ-secretase, or asparagine endopeptidase (AEP), has been linked to AD due to it is able to cleave 
tau, but it was recently shown that it can also process APP in two extracytoplasmatic sites, 
generating several products among which, one of them, the sAPP1-373, was found to be toxic 
for primary cultures of neurons [22]. 
n-secretase  

Recent works have proposed n-secretase metalloproteinase as responsible for producing longer 
Aβ fragments related with AD pathology [23, 24]. This enzyme can cleave APP between N504 
and M505 residues, producing a soluble 80-95 kDa fragment and a new nCTF that then can be 
processed by α and β-secretases. Those fragments have been shown to be five-fold more toxic 
than Aβ, causing synaptic dysfunction and inhibiting long-term potentiation (LTP) in hippocampal 
neurons. [24]. 
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Mephryin β 

Mephryin β is a zinc metalloproteinase with common cleavage sites  and proposed as a 
competitor of β-secretase [25]. It has been shown its product, Aβ2-40 has higher aggregation 
index compared to Aβ(1-40), which also links this species to oligomeric assemblies’ production 
[26]. 
Cathepsin B  

APP protease cleavage by Cathepsin B has also been proposed as the origin of the production 
of N-terminally truncated pyro-glutamated forms of Aβ (pGlu-Aβ) with own increased aggregation 
proclivity [27]. However, the direct relation between the activity of Cathepsin B and the production 
of pGlu-Aβ remains unclear [560]. 
All these characters may play significant roles in AD pathology, which undoubtedly makes 
essential to study all those activities and fragments in detail besides the already relatively well 
known metabolic products of the canonical proteolytic pathways. 
 
1.1.8.1.2. Aβ functions and structures 
Aβ encompasses a group of peptides ranging from 37 to 49 residues, resulting from the proteolytic 
cleavage of APP and is related to several disorders, from Alzheimer disease, to type II diabetes 
or other systemic conditions [33, 39, 46, 95, 563, 60]. 
There exist three main regions within the Aβ peptide, distinguishable in terms of hydrophobicity 
character of the residues, that determine the interactions between the residues from the same 
peptide and with other molecules. Such interactions may facilitate the secondary and tertiary 
structures and the formation of more or less organized aggregates. Meanwhile the N-terminal 
region (1-14) is mainly polar and water-soluble and use to lack of any organized structure [526], 
the central region, from Asp13 to His23, and the C-terminal region, embracing residues Ala30 to 
Ala42 are a highly apolar zones, with a remarkable hydrophobicity and with tendency to form 
secondary and tertiary structures [87, 101] (Figure 1.7). 
Aβ monomers are very prone to aggregation in different assemblies, including oligomers, 
protofibrils and amyloid fibrils, making the prediction of its behavior and structure under normal 
and pathological conditions extremely challenging [23, 39, 99, 87]. Although the most abundant 
form of Aβ is the (1-40) peptide (80-90%), the (1-42) (5-10%) is believed to be one of the most 
harmful species, particularly its oligomeric aggregates are believed to be the most dangerous [39, 
46, 95, 96]. In consequence, mechanisms by which Aβ aggregates and form several aggregation 
species, such as fibrils or plaques have been extensively explored [80, 81, 82, 83, 84, 85, 86]. 
However, there still are several unresolved key points related to the molecular mechanisms by 
Aβ forms in vivo neurotoxic oligomeric and fibril species and the molecular basis behind the 
different normal function and neurotoxic properties between them [87, 88, 89, 90]. To overcome 
these issues and elucidate the structural and kinetic characteristics of Aβ aggregation is decisive 
for developing future therapeutic strategies against AD. In anyways, it seems that conformation 
changes from soluble α-helices to β-sheets in the peptide are critical for toxicity and for 
aggregation (Figure 1.7).  
The three-dimensional solution structure of different fragments of Aβ have been studied mainly 
through NMR and molecular modelling. The structural models proposed are highly dependent on 
the type of fragment and the experimental conditions, but there are evidences of the formation of 
alpha-helical conformers that can transition more or less rapidly into β-sheets [32, 525]. The 
transition of alpha-helical conformers into β-sheets seems to play a key role in determining the 
state of protein aggregation [102, 525].  
The two residue difference in Aβ(1-40) and Aβ(1-42) leads to great differences in their biophysical 
behavior. In aqueous in sodium dodecyl sulfate (SDS) micelles the solution structure of Aβ(1-40) 
peptide reveals that the C-terminus of the peptide has a preference to adopt an α-helix 
conformation between residues 15 and 36 with a hinge between residues 25-27, while the peptide 
is unstructured between residues 1 and 14, which, as previously exposed, are mainly polar and 
likely solvated by water [526, 561]. Although in high percentages of apolar solvents the tertiary 
structure is similar for both peptides, with two helical regions linked by a β-strand centered in 
residues 13-26, when increasing the water content to 90%, the Aβ(1-42) peptide predominantly 
forms secondary β-strand structures [524, 525, 21]. Residues 25-35, placed in the hinge region 
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could be key for the structural changes from α- to the more toxic-related β-structures [87, 101]. 
The N- and C-termini of the peptides lack of a stable structure, however, interactions with the 
hydrophobic helix in the central region determine relatively defined structures in the extremes. 
This facilitates the formation and stabilization of the hairpin structure. In addition, salt-bridges 
between Lys28 and Asp23 and Ala42 seem to be involved in the hairpin bend stabilization in Aβ 
self-assembly [562, 538]. Also in C-terminus region, interaction between F19 and G38 residues 
seems to facilitate another hairpin conformation [26] (Figure 1.7). 
 

 
Figure 1.7. Different three-dimensional NMR-solved structures of Aβ submitted at the Protein Data Bank. A. PDB ID 
1AML: Aβ(1-40) structure in 40% TFA in water published by Sticht et al. (1995) adopting two helix englobing residues 
G15-A23 and I31-M35 [561]. B. Aβ(1-40) structure in aqueous environment (PDB ID: 2LFM) submitted by Vivekanandan 
et al. (2011) forming a more compact structure and a helix between residues H13-D23 [526]. C. PDB ID 1Z0Q: Aβ(1-42) 
structure in aqueous environment/HFIP solved by Tomaselli et al. (2006) in HFIP/H2O 30:70 (v/v) showing that the only 
secondary structures that were lost on the path from a very apolar to an essentially polar environment were the β-turn 
around residues 25–26 and, partially, the short C-terminal helix [525] D. Aβ(1-42) structure in apolar environment (PDB 
ID: 1IYT) published by Crescenzi et al. (2002) forming two α-helices in residues S8-G25 and K28-G38 linked by a β-turn. 
α-helices are colored in red and disorganized regions in green [524]. 

 
The abundant kinetic data obtained and analyzed until now for Aβ(1-42) [131], Aβ(1-40) [132] 
aggregation phenomena reveal important variations in the main mechanisms implicated in the 
initiation and proliferation of amyloid aggregated species. Two mechanisms have been proposed 
that seem to be related with the formation of oligomers and the more organized fibrils. In one of 
the simplest nucleated polymerization mechanisms found, through a thermodynamically 
unfavorable process, monomers start to aggregate and form nuclei; then, from these nuclei, fibrils 
grow with the addition of monomers. These nuclei could be considered the smallest structures 
that can lead to fibril elongation [128].  
Sometimes, some monomers with a well-defined structure are also considered as nuclei due to 
their high aggregation capacity [129, 130]. On the other hand, it has been observed that 
monomers can rapidly organize into misfolded aggregates without the proper structural 
characteristics to form organized fibrils [127]. However, this starting structure can be reorganized 
to generate nuclei, on which more disorganized oligomers eventually gain the required 
conformation that leads to fibril elongation [33, 127, 361] (Figure 1.8). 
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Figure 1.8. Amyloid aggregation pathways. There have been proposed different hypothesis about how amyloidogenic 
and aggregation mechanisms work. In the figure, vertical cards refer to different aggregation steps, while horizontally 
there are schematized different aggregation models including nucleated polymerization (brown arrows), nucleated 
conformational conversion (blue arrows), and native-like aggregation (green arrows). The secondary processes indicated 
on the right are referring to secondary nucleation (top) and fibril fragmentation (bottom) (adapted from ref 361). 

 
It has also been observed that, the average content of β-sheet structure use to increase with 
molecular weight, suggesting that an increase in size stabilizes their β-sheet structure. In these 
oligomers, such β-sheet structure has been shown to involve both antiparallel [98, 105] and 
parallel and out-of-register strands [100], while in mature fibrils, the β-strands are positioned in a 
parallel and in-register manner [114, 115, 116, 117, 118].  
Among these oligomer populations identified, there are a wide range of aggregated species, such 
as globulomers, amylospheroids (ASPDs), paranuclei, pentamers, Aβ∗56, SDS-stable 
dimers/trimers, protofibrils (PFs), annular protofibrils (APFs), amyloid-derived diffusible ligands 
(ADDLs), prefibrillar and fibrillar oligomers (PFOs and FOs), and spherical amyloid intermediates 
[87, 92, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104].  
NMR analysis of several in vitro generated Aβ(1-40) fibrils [120, 121, 123] revealed two major 
models. In both cases, the β-strands are stacked forming a β-sheet, projecting along the axis of 
the protofilaments with all strands arranged in a parallel, in-register and generating a number of 
contacts between chains. The major differences between the two models remain in the number 
of β-sheets forming the primary structure along the protofilament axis, two in the first model and 
three in the second one, and in the diameter size, among other other intermolecular chain 
contacts [361].  
Fibrillar and protofilamentar structures of N-truncated Aβ(1-42) have revealed similar in-register 
β-sheet core structures, with flexible N-terminal segments and a number of contacts between 
chains and different molecules. Again, polymorphisms are present, with fibrils showing 2 or 3 β-
strand motifs linked by short coils and with different diameters [118, 538, 122, 117] (Figure 1.9). 
Some of amyloid fibrils formed in non-pathological conditions could have metabolic and regulatory 
functions in living systems [77, 78, 79]. 
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Figure 1.9. Some Aβ fibrillar structures solved. A. Fibril structure (PDB ID: 2MXU) solved by Xiao et al. (2015) by NMR 
in polar ambient formed by Aβ(1-42) peptides showing three β-strand motifs (residues 12–18, 24–33 and 36–40) 
connected by short coil or turn regions [538]. B. Fibril structure (PDB ID: 2BEG) solved by Luhrs et al. (2005) where 
residues 18-42 form a β-strand-turn-β-strand motif that contains two intermolecular, parallel, in-register β-sheets [118]. C. 
Lu et al. (2012) solved a fibril structure (PDB ID: 2LNQ) formed by the Asp23-to-Asn mutant of Aβ(1-40) (D23N-Aβ(1-
40)), which is associated with early onset neurodegeneration, finding that D23N-Aβ(1-40) fibrils can contain not only 
parallel but also antiparallel β-sheets [123]. D. Structural Model for a Aβ(1-40) fibril (PDB ID: 2LMN) solved by Paravastu 
et al. (2008) showing a two-fold symmetry about the fibril growth axis and containing in-register parallel β-sheets. β-sheets 
are colored in yellow [120]. 

 
Several published works have reported different molecular interactions of Aβ monomers and 
oligomers in neuronal metabolism (Figure 1.11). Specifically, Aβ(1-42) monomers are known to 
activate the neuroprotective signaling of insulin-like growth factor-1 receptor (IGF-1R), one of the 
most potent activators of the serine/threonine kinases PI3K/AKT, stimulating cell growth and 
proliferation and inhibiting programmed cell death [35, 36]. Aβ produced in early endosomes can 
be rapidly released to extracellular space in exosomes [176], which can be transported long 
distances in the brain or trans-synaptically spread from neuron-to-neuron [177, 178], but the 
mechanisms implicated are still unclear [167] (Figure 1.5). 
 
1.1.8.1.3. Aβ clearance and Blood Brain Barrier (BBB) transport 
The BBB is a checkpoint to control entry of blood-derived neurotoxic molecules, cells, and 
pathogens into the brain and regulate the concentrations of ions, nutrients and energy metabolites 
in the brain interstitial fluid (ISF) through highly specialized transporters at the brain endothelium 
[494, 495, 497]. Receptor-mediated transcytosis from the brain across the BBB is crucial for 
efficient clearance of toxic molecules such as Aβ, which also suffers passive ISF flow to the 
cerebro spinal fluid (CSF), but in a much smaller amount [498]. On the other hand, tau protein, 
for which we still do not know any transporter at the BBB, is much slower eliminated from the 
brain via ISF-CSF passive flow [496]. This case shows the importance of rapid trans-vascular 
clearance of potentially toxic molecules across the BBB, which is vital for preventing their 
accumulation in the brain and the affectation of normal neuronal functioning [564]. 
Brain-derived Aβ is mainly cleared through the BBB principally via low-density lipoprotein 
receptor-related protein 1 (LRP1)-mediated transcytosis [498, 499] and can cross back into the 
brain by the receptor for advanced glycation end products (RAGE) [500], as show in more detail 
in Figure 1.10:  

 



 15 

 
 
Figure 1.10. Aβ transport across the BBB. (A) Aβ is produced from APP in the brain and in the periphery. (B) Primarily, 
brain-derived Aβ is cleared through the BBB by the low-density lipoprotein receptor-related protein 1 (LRP1)-mediated 
transcytosis. LRP1 binds both free Aβ, and Aβ bound to ApoE2, ApoE3, or α2-macroglobulin but not when bound to 
ApoE4. LRP1 binds Aβ at the brain side of the BBB and triggers a rapid PICALM/clathrin-dependent endocytosis of Aβ-
LRP1 complexes. Clathrin rapidly dissociates from the internalized vesicles, but PICALM continues to guide transport of 
Aβ-LRP1-containing endocytic vesicles for fusion with Rab5-positive early endosomes, and afterwards to Rab11-positive 
sorting endosomes leading to Aβ exocytosis to the blood compartment. PICALM impedes Aβ to finish in Rab7 late 
endosomes and lysosomes. (C) Several enzymes in the brain, among neprilysin and IDE, contribute to Aβ enzymatic 
degradation. (D) Clusterin (CLU) helps in the efflux of Aβ(1-42) across the BBB via LRP2. (E) Aβ conjugated with ApoE4 
is not able use fast LRP1-dependent transcytosis, so is cleared through the very low-density lipoprotein receptor (VLDLR) 
at a substantially slower rate than free Aβ or Aβ bound to ApoE2 or ApoE3. (F) Clusterin function limits Aβ oligomerization 
and aggregation. (G) Along Aβ clearance across the BBB, several neurovascular cell types (pericytes, astrocytes, 
microglia, and vascular smooth muscle cells (VSMCs)) and neurons also contribute to Aβ clearance. (I) Aβ sequestering 
in plasma with agents like soluble LRP1 (sLRP1), soluble RAGE (sRAGE), or antibodies against Aβ may contribute to Aβ 
clearance from the brain by creating a concentration gradient favoring Aβ efflux, known as a “peripheral sink”. (H) 
Elimination of circulating Aβ by excretory organs such as liver and kidney leads to its systemic clearance from the body. 
(J) The receptor for advanced glycation end products (RAGE) is the main effector in the influx of circulating Aβ or Aβ 
bound to monocytes from blood to the brain across the BBB (adapted from ref 564). 

 
1.1.8.1.4. Aβ-related pathogenesis 
However, AD pathology, neurons in vulnerable brain regions seem to accumulate Aβ(1-42) [168], 
mainly in multivesicular bodies (MVBs) [169]. It is undoubtable that intracellular Aβ(1-42) 
accumulation is a phenomenon increased with age, that precedes plaque formation and is 
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correlated with synaptic dysfunction, pointing to an early event in AD pathology [170, 171, 172]. 
Moreover, other early processes like endosomal dysfunction and an increased expression of Rab 
GTPases [173], may suggest that deregulation of these metabolic routes contributes to an 
imbalance in endosomal signalling, recycling and turnover of Aβ peptides. In AD later stages, 
accompanying dystrophic neurons, has been observed autophagic pathology, probably result of 
such Aβ reduced clearance and that may contribute to increase even more Aβ products due to γ-
secretase activity found in autophagosomes [174, 175].  
Regarding aggregated species, recently published works showed that structured oligomers can 
be more harmful than the ones without a defined structure. Their pathologic potential may depend 
on their size and solvent-exposition of the most hydrophobic residues. Due to this relationship 
with pathogenesis, extensive searches have been performed on well-defined oligomers trying to 
isolate them and determine their structural determinants responsible for their pathogenicity [361, 
287, 92, 93, 96, 98, 99, 100, 101, 102, 103, 105, 106, 107, 108, 109, 110]. Nonetheless, it has 
been proven that this is a very complicated task, due to the elevated heterogeneity, unstable 
conformations and oligomer populations, which also proves that there are not one single 
mechanism leading to the formation of the different species, but a number of them (Table 1.4). 

 
Table 1.4. Major soluble Aβ preparations and deleterious effects associated with them (adapted from ref 119) 

Species Structure Biological effects related 

ADDL [89, 30, 133] 

3–24-mer  
Major component, 17 kDa (tetramer) 
Globular structures 2–5-nm height   
A11-positive 

LTP impairment (500 nM)  
Tau mis-sorting into dendrites and tau 
phosphorylation (5 M)  
Abnormal mitochondrial distribution in neurites 
caused by impaired tau-dependent axonal 
transport (800 nM) 
Cytotoxicity in primary neurons (micromolar 
concentration) 
Cognitive impairment in mice 

Aβ*56 [95, 134] 
 

12-mer 
Globulomers 
56 kDa 
A11-positive 
 

NMDAR-dependent synaptotoxicity  
Memory deficiency in middle-aged mice  
Tau phosphorylation 
No cytotoxicity  
Cognitive impairment in rats (micromolar 
concentration) 

Aβ O [87, 136] 
 

15–20-mer  
Spherical vesicles 2–5 nm 
A11-positive 

NMDAR-dependent synaptotoxicity  
Tau phosphorylation 
Cytotoxicity in human neuronal cultures 

Aβ 42 and Aβ 42:40 
(3:7) (synthetic 
oligomers) [137] 

β-sheet enriched  
Transient on-pathway species 
A11-positive 

Impairment of synaptic transmission  
Tau phosphorylation 
Cytotoxicity in primary neurons (micromolar 
concentration) 
Memory deficiency in mice 

Transglutaminase 2-
induced oligomers 
[138] 

Apparently no secondary structure 
Off-pathway  
A11-positive 

LTP impairment 
Tau phosphorylation  
No cytotoxicity in primary neurons 

Aβ 42CC protofibrils 
[139] 

Intramolecular disulfide bond 
stabilized antiparallel β-sheet–based 
structure that does not propagate 
into fibrils  
Weak reactivity with A11 

Synaptotoxicity 
Tau phosphorylation 
Caspase-3 activation in human neuroblastoma 
cells 

Annular protofibrils 
(APF) [110] 

Form pores, 11–14-nm outer 
diameter; 2.5–4-nm inner diameter  
Composed of spherical A11-positive 
Aβ(1-42) oligomers assembled in 6 
hexamers, (36-mer), 155 kDa 

Hypothesized to cause Ca2+ overload and 
cytotoxicity 
 

SDS-stable dimers and 
trimers isolated from 
wild-type (WT) and 
FAD hAPP-, PSEN1- 
and PSEN2- 
transfected CHO cell 
culture medium [103, 
134, 140, 141] 

6-, 8- and 12-kDa assemblies  
Enriched in N-end (Arg5) truncated 
species 
Contain Aβ 40 and Aβ 42 

LTP impairment  
NMDAR and mGluR-dependent 
LTD facilitation 
Tau phosphorylation  
No cytotoxicity  
Cognitive impairment in mice 
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SDS-stable brain-
derived dimers [29, 
144, 145] and synthetic 
dimers (Aβ (1-40) 
Ser26Cys) 
 

8–12-kDa assemblies  
3–4-nm height  
No detectable secondary structure 

LTP impairment 
Tau phosphorylation in primary neurons 
No cytotoxicity to primary neurons but toxic to 
neurons cultured with microglia 

ASPD; synthetic or 
brain-derived) [108, 
146, 11] 
 

10–15-nm spherical assemblies 
32–150-mers  
A11-negative 

Synaptic impairment 
Tau protein kinase 1/ Glycogen Synthase 
Kinase-3β (GSK-3) activation 
NMDAR-independent cytotoxicity in neurons 
The highest toxicity is ascribed to either 32-mer 
(7.2 nm) or to ASPD >10 nm 

*A11 is an oligomer-specific rabbit antibody   

 
It has also been found that extracellular protein oligomers may interact with a number of neuronal 
and astrocyte receptors among the Frizzled receptor, the metabotropic glutamate receptor 5, 
insulin receptor, RAGE, NMDA and AMPA receptors, ApoE receptors, formyl peptide receptor-
like 1 (FPRL1/2), p75 neurotrophin receptor (p75NTR), cellular prion protein (PrPc), a7 nicotinic 
ACh receptor (a7nAChR), calcium-sensing receptor (CaSR) and several other cellular elements 
and receptors [35, 36, 119] (Figure 1.11).  
Some more recent works suggest that oligomers could have a major role, increasing oxidative 
stress, tau hyperphosphorylation and oligodendroglia destruction, resulting in toxic processes that 
affect to the synapses and neuronal energetic metabolism [3, 4, 9] (Table 1.4). Additionally, 
oligomers are susceptible of phosphorylation by cell-membrane or extracellular protein kinase A 
(PKA), which may facilitate their aggregation, reducing proteolytic and glial clearance and 
increasing their neurotoxicity [155, 157]. Furthermore, when oligomers interact with cell 
membranes increase their aggregation rate and are able to form pores and calcium ion-
permeable channels [157, 158]. 
Glutamate receptor-dependent cascades are also directly or indirectly affected, leading to LTP 
impairment and long term depression (LTD) reinforcement [142]. Moreover, abnormal activation 
of calcineurin and nuclear factor of activated T-cells (NFATc4) lead to dystrophic changes in 
neurites, and impairment of the induction of AMPAR-based LTP in hippocampus. 

Chronic exposure to Aβ oligomers also upregulates the 7-nAChR, causing a hyperactivation 
which, in consequence, downregulates the extracellular signal-regulated kinase (ERK) and the 
mitogen-activated protein kinase 1 (MAPK1) cascade leading to LTP dysregulation through 
decreased phosphorylation of CREB factor. In addition, several protein kinases that mediate 
pathological phosphorylation of tau and are also required for Aβ synaptotoxicity. Moreover, 
caspase-3–mediated pathway could have part in the Aβ-mediated LTP impairment upstream of 
GSK-3β [119, 279, 280, 281, 439] (Figure 1.11).  
On the other hand, Aβ(1-42) plaques that appear in late stage of the disease seem to lead to 
microglia activation. This microglia activation induces production and release of pro-inflammatory 
cytokines such as interleukin-1 β (IL-1β), tumor necrosis factor-α (TNF-α) or interferon-γ (IFN-γ) 
[7]. Those liberated cytokines also stimulate neuron and astrocyte Aβ(1-42) production, with turns 
into a retro-fed process [8]. 
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Figure 1.11. Molecular mechanisms of Aβ oligomers toxicity proposed in the literature. The figure describes some 
pathways involved in several process related with synaptotoxycity. In spite of the extensive research carried out in this 
field, there is no complete consensus about what mechanism, if any, is the most relevant to AD development (adapted 
from ref 119). 

 
1.1.8.2. Tau hypothesis 
In 1974 a paired helical filament structured protein was isolated from brains of AD patients, but it 
was not until 1986 that the protein was identified as tau [1]. Human tau is encoded by the 
microtubule-associated protein tau gene (MAPT gene) comprising 16 exons on chromosome 
17q21 [185]. In the brain, tau is principally located in neurons, but it is also detectable in glia [186] 
and in the extracellular space. It has a capital role in the assembly and stabilization of microtubule 
cellular system.  
In human adult brain there have been identified six tau isoforms, generated by alternative splicing 
of exon 2 (E2), E3 and E10. The isoforms diverge on the number of 29-residue near-amino-
terminal regions, encoded by E2 and E3: isoforms containing 0, 1 or 2 N-terminal inserts are 
known as 0N, 1N and 2N, respectively. Isoforms can also be classified depending on the number 
(3 or 4) of carboxy-terminal repeated domains (3R or 4R, respectively; the second repeat is 
encoded by E10 and is not included in 3R tau) (Figure 1.12). Levels of expression of the MAPT 
diverse isoforms exhibit regional differences, which may contribute to the differential vulnerability 
of brain regions to neurodegeneration [187]. 

 

 
Figure 1.12. The different tau isoforms derived from alternative splicing of MAPT gene. The human gene contains 16 
exons. Exon 1 (E1), E4, E5, E7, E9, E11, E12 and E13 are constitutively expressed, whereas the others are subject to 
alternative splicing. E0 (the promotor region) and E1 encode the 5ʹ untranslated sequences of MAPT mRNA, meanwhile 
E14 is part of the 3ʹ untranslated region. The repeated domains are labelled in green and the N-terminal inserts in blue 
(adapted from ref 179). 
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Native tau is a strangely hydrophilic protein: its longest isoform (2N4R) contains 80 Ser and Thr 
residues, 56 negative (Asp and Glu) residues, 58 positive (Lys and Arg) residues and 8 aromatic 
(5 Tyr and 3 Phe) residues. Tau is predominantly a basic protein although the ~120 N-terminal 
residues are mainly acidic, and the C-terminal ~40 residues are practically neutral [179].  
There can be differentiated two domains in tau protein on the basis of microtubule interaction and 
the amino acid character: The C-terminal assembly domain responsible for binding to 
microtubules and for tau aggregation; and the N-terminal projection domain that projects away 
from microtubules (Figure 1.13).  
The protein in native state is unfolded and shows little predisposition to aggregate, but when tau 
suffers aggregation, forms the so-called paired helical filaments (PHFs). The core of the PHFs is 
formed by the stacked repeated domain of the protein with the C- and N-terminal domains forming 
a “fuzzy coat” that surrounds the β-structured core [222]. NFTs formation consists of several 
steps: dimerization, multimerization, oligomerization and protofibril formation [226, 227, 229, 230, 
231] (Figure 1.13). 

 
Figure 1.13. Tau secondary structures. Although tau is a predominantly unfolded protein in native form, a few short and 
transient motifs that can form structures such as α-helices (pale blue cylinders), β-strands (dark blue arrows) and poly-
Pro helices (grey boxes). The thin blue rectangle indicates the region comprising two hexapeptide motifs that are 
responsible for tau aggregation (VQIVYK in R2 and VQIINK in R3). The protein can also be subdivided into two major 
domains: the assembly domain in the carboxy-terminal (grey shaded); and the projection domain, the amino-terminal 
section (Green shaded). The middle region of tau (residues 151 to 243) is a Proline-rich domain containing several Thr-
Pro or Ser-Pro motifs. Those motifs are targets of proline-directed kinases such as GSK3β, MAPK, CDK5, and JUN N-
terminal kinase (JNK) (adapted from ref 179). 

 
Tauopathies can also be classified into three groups depending on the tau isoforms found in the 
aggregates: 4R tauopathies, 3R tauopathies and 3R+4R tauopathies (for example, AD) [188]. 
Due to the additional repeated domain R2, 4R tau isoform shows higher affinity for microtubules 
than 3R tau, and is consequently more efficient in microtubule assembly supporting [189]. On the 
other hand, the role of the two N-terminal inserts is still unclear, although it is thought that could 
influence the attachment to the microtubules, regulate the spacing between those and other cell 
elements [190, 191] or control the subcellular distribution of tau isoforms in neurons [192]. And 
lastly, some in vitro studies have pointed to that the presence of one of these inserts promotes 
tau aggregation, meanwhile the inclusion of the second insert delays tau aggregation [193] 
(Figure 1.12). 
 
1.1.8.2.1. Tau functions 
Although data about complete physiological functions is still controversial, tau is involved in more 
processes than only microtubule organization and stabilization.  
In axons of adult neurons, tau interacts with microtubules, stabilizing and regulating the dynamics 
of the reorganization of the cytoskeleton [195, 196]. Tau binds to the complex α-tubulin–β-tubulin 
heterodimers through residues 224–237, 245–253, 275–284 and 300–317, whereas residues 
between remain flexible [197]. When associated to microtubules, tau does not turn into a globular 
structure, but residues 269–284 and 300–310, containing the two following hexapeptide motifs, 
275VQIINK280 and 306VQIVYK311 (essential for tau aggregation), can form a local hairpin 
conformation [197]. This could suggest that tau associated conformation when bound to 
microtubules impede aggregation. 
In addition to microtubule dynamic regulation, tau seems to regulate axonal transport through 
dynein and kinesin motor proteins mechanism, which transport cargoes towards the cell body and 
towards the axonal terminus respectively [198]. Tau also seems to be essential for axonal 
elongation and maturation [199] and moreover, overexpression of tau could promote the 
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formation of neurites in non-neuronal cells [200]. In dendrites tau may play a role in the regulation 
of synaptic plasticity, but the mechanisms are still unclear [201]. Moreover, tau also seems to play 
a part in integrity maintenance of genomic DNA, cytoplasmic RNA and nuclear RNA [202, 203]. 
And finally, tau may be involved in neurogenesis, neuronal activity regulation, iron export and LTD 
regulation [204, 205, 206, 207, 208]. 
 
1.1.8.2.2. Tau mutations 
Although there is not a robust confirmation of any tau mutation that could be related to AD 
pathology, to the time there are described 80 mutations within the intronic and exonic regions of 
MAPT. These mutations are linked to other diseases such as fronto-temporal dementia with 
parkinsonism-17 (FTDP-17), corticobasal degeneration (CBD) and progressive supranuclear 
palsy (PSP) but not with AD (see Alzforum database). 
 
1.1.8.2.3. Tau post-transcriptional modifications 
Researchers know that tau is subject of numerous post-transcriptional modifications that affect to 
its function, but it is unclear how they affect to the disease development nor which are more 
important to the neurodegenerative processes. 
Phosphorylations. In the early nineties Yasuo Ihara´s group identified several phosphorylated 
sites in isolated tau from AD brain patients [180]. Along the longest tau isoform (2N4R) of tau 
there are 85 potential phosphorylation sites (80 Ser or Thr, and 5 Tyr), and most of them are 
accessible considering its unfolded native structure. They are also mainly clustered in the flanking 
regions of tau, and among them, 17 Thr-Pro or Ser-Pro motifs have particular interest: these are 
found to be abnormally hyper-phosphorylated in AD and other tauopathies [211] (Figure 1.14).  
The normal physiological phosphorylation pattern of tau variates along the development of the 
individual, so that, fetal tau (carrying about seven phosphates per molecule) is more highly 
modified than adult tau (approximately two phosphates per molecule) [209]. In AD, the average 
of phosphorylated residues in tau is increased to approximately eight phosphates per molecule 
[210]. 
Besides pathological or developmental implication, phosphorylations have an essential role in 
regulating microtubule binding, stabilization and assembly. Whereas phosphorylation of KXGS 
motifs (specially Ser262), Ser214 or Thr231 could reduce tau affinity to microtubule binding [211, 
212], phosphorylations at other Thr-Pro or Ser-Pro motifs placed in the flanking region have a 
weak influence on tau–microtubule binding (Figure 1.14). 

 

 
Figure 1.14. Tau protein is subject of several post-transcriptional modifications. Among them, phosphorylations and 
acetylations in certain residues are two of the best known. Some of them are associated with normal regulation of the 
protein activity and degradation, but other are related to the development of several neurodegenerative diseases, such 
AD, due to gain or loss of abnormal functions or otherwise, to aggregation propensity (adapted from ref 565). 
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The central region of tau (residues 151–243) is a Pro-rich domain containing multiple Thr-Pro and 
Ser-Pro motifs, which are targets of several proline-directed kinases including GSK3β, CDK5, 
MAPK and JNK. In or near the repeat domain there are other phosphorylation sites target of 
several microtubule affinity-regulating kinases (MARKs; also known as PAR1 kinases), cyclic 
AMP-dependent protein kinase (PKA) and Ca2+- or calmodulin-dependent protein kinase II 
(CaMKII), among others. In addition, tyrosine kinases such as the SRC family members LCK, 
SYK and FYN at Tyr18, and the ABL family members ARG and ABL1 at Tyr394 can target on tau 
[211]. 
On the other hand, there are several phosphatases such protein phosphatase 1 (PP1), PP2A, 
PP2B, PP2C and PP5 implicated in the dephosphorylation of tau [211]. Among them, PP2A is 
the main phosphatase in human brain, accounting for ~70% of tau phosphatase activity, and in 
fact, its activity was found to be reduced by 20% to 40% in the AD brain [213, 214, 215]. 
Although phosphorylations are well known post-transcriptional modifications of tau that modulate 
its functions and pathology, there are other modifications recently characterized, known to have 
certain functioning or pathologic influence, but still without a proper characterization: 
Acetylations. P300 acetyltransferase or CREB-binding protein is able to acetylate several Lys 
residues in the repeat domain of the flanking region of tau, whereas histone deacetylase 6 
(HDAC6) and sirtuin 1 (SIRT1) are the enzymes that can deacetylate respectively these sites. 
Depending on the acetylated sites, those modifications can inhibit (Lys163, Lys280, Lys281 or 
Lys369) or facilitate (Lys259, Lys290, Lys321 or Lys353) tau degradation, leading to the protein 
phosphorylation or aggregation [179, 216, 217]. Pathology-linked acetylations are extensively 
explained in the section “Tau physiopathology”. 
Glycosylation, glycation, deamination, isomerization, nitration, methylation, ubiquitylation, 
sumoylation and truncation. These are more not very well known post-transcriptional 
modifications that tau can suffer. These modifications are suspected to modulate several 
functions of tau such as microtubule binding affinity, phosphorylation, aggregation, degradation, 
besides being implicated in the development of some diseases such AD and other 
neurodegenerative diseases [179, 220]. 
 
1.1.8.2.4. Tau clearance 
Tau levels in neurons can arise due to malfunctions in the protein-degradation systems or 
because aggregated species block protease´s normal activity. Although the two major 
degradation systems identified working on tau are the ALS (autophagy-lysosome system) and the 
UPS (ubiquitin-proteasome system), there also are other proteases able to cleave tau such as 
calpain, caspases 3, 6 and 9, cathepsins D and L, and PSA [262]. The inefficient cleavage by 
these systems can lead to neurodegeneration through several mechanisms. (i) The cleavage of 
tau close to C-terminus could result in the accumulation of amyloidogenic fragments. (ii) The 
truncation of tau near the N-terminus may lead to an increased production of toxic fragments also 
related to neurodegeneration. (iii) the ineficient cleavage rate may lead to the accumulation of 
free tau, facilitating its aggregation. However, the mechanisms underlying these processes 
remain controversial [249, 250, 251, 252, 253, 254].  
Tau degradation through proteasomal pathway. The proteasomal pathway is a major protein-
degradation mechanism with an important role in degrading short-lived and misfolded proteins 
[255]. The 26S proteasome is a multi-catalytic protease composed by three major subunits: one 
20S catalytic core and two 19S regulatory caps [256]. The canonical degradation of tau by this 
mechanism is an ATP and ubiquitin dependent process that implies, initially, the covalent 
attachment of several ubiquitin molecules to the protein in a three-step cascade, and finally the 
degradation of the ubiquitinated substrate by the 26S proteasome complex, with the liberation of 
free and reusable ubiquitin [256].  
Tau degradation by the ALS. The other main proteasomal machinery is the autophagy-lysosome 
system [255]. Depending on the different mechanisms of substrates delivering to lysosomes we 
can differentiate three types of autophagy: microautophagy, macroautophagy and chaperone-
mediated autophagy. In microautophagy, although it has not very well studied, the lysosomal 
membrane seems to directly engulf part of the cytosol. Macroautophagy is the main pathway for 
eukaryotic cells to degrade long-lived proteins and organelles. By this way, a small volume of the 
cytosol is retained into a double membrane vesicle called the autophagosome, which afterwards 
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fuses with the lysosome. And finally, chaperone-mediated autophagy is a type of selective 
autophagy targeting soluble cytosolic proteins containing specifically a KFERQ (Lys-Phe-Glu-
Arg-Gln) motif [258]. Substrates are recognized by HSC70 and transported to the lysosomal 
membrane, where are then translocated and degraded [258]. Remarkably, tau contains two 
KFERQ homology motifs in the repeat domains [257]. As pointed previously, autophagy is 
involved in the degradation of tau, in both soluble and insoluble forms [257]. Additionally, 
phosphorylated tau at the KXGS motifs of the repeat domain, impossible to be degraded by the 
UPS, is degraded by autophagy. 
 
1.1.8.2.5. Tau physiopathology 
As previously showed, one of the main hallmarks of several diseases related to tau metabolism 
such as AD, PSP, CBD, agyrophilic grain disease (AGD), Pick disease (PiD), Huntington disease 
(HD) and FTDP-17 is the presence of aggregated tau into PHFs and NFTs [194]. Although tau 
influence in all these diseases is undoubtable, to date, most of aggregation mechanisms and 
pathways underlying tau-induced neurodegeneration remain elusive or controversial.  
 

 
 
Figure 1.15. Tau has several physiological functions. In normal, healthy neurons, it is commonly distributed in axons 
stabilizing microtubules and regulating axonal transport. In addition to structural functions, a small amount of tau is also 
detected in dendrites, where its role is unclear. Tau also locates inside the nucleus, where it seems to play a part in 
maintaining the integrity of genomic DNA. When tau suffers post-translational modifications that lead to the detachment 
from microtubules, results in microtubule disassembly. Detached tau can mislocalize into presynaptic terminals and 
provoke synaptic dysfunction and loss [373]. Besides affecting the presynaptic compartment, tau can enter dendrites and 
postsynaptic compartments and, in consequence, cause postsynaptic dysfunction, leading to synapse loss there as well 
[374, 375, 376]. Moreover, pathological tau is unable to enter the nucleus, resulting in DNA damage owing to the loss of 
the DNA-protective function of tau [377]. Finally, all detached tau tends to aggregate, affecting neuronal general function 
(adapted from ref 179). 

 

Originally, as aggregated tau in patients with a tauopathy invariably showed hyper-
phosphorylation, and as tau hyper-phosphorylation seems to precede aggregation, 
phosphorylation was assumed to lead to tau aggregation [144]. Although it is known that hyper-
phosphorylation or dephosphorylation can affect tau conformation and function, it has been also 
demonstrated that this modification alone could not induce or eliminate the pathologic role of tau 
in AD. [181, 182, 183, 184]. Therefore, this information in conjunction with the fact of all tau found 
to be related to a tauopathy is hyper-phosphorylated, and that it is possible to induce tau 
aggregation without phosphorylated residues, indicates that other modifications could be involved 
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in regulating hyper-phosphorylation. It seems reasonable that in pathological conditions, tau may 
suffer some post-translational modifications that may lead to the detachment from microtubular 
cell system, resulting in microtubule disassembly in axons and causing interruptions on the cell 
molecular trafficking. Then, detached tau could mislocalize into presynaptic terminals, causing 
synaptic dysfunction, reduction in the number of synaptic vesicles in presynaptic and postsynaptic 
terminals and synapse loss [373, 374, 375, 376]. Another associated problem to the loss of 
function of tau is the lack of the capability to enter the nucleus and exert its normal DNA-protective 
functions, which could result in DNA damage [377] (Figure 1.15).  
And finally, as previously indicated, tau could aggregate, which leads to an alteration and 
disruption of normal neuronal function. Additionally, aggregated tau could cross the cell 
membrane defusing into extracellular space, or pass through tunneling nanotubes and enter other 
neurons, provoking the dissemination of tau pathology (Figure 1.15). 
A post-transcriptional modification that has gained interest as one of the main drivers of tau-
mediated neurodegeneration is the reversible acetylation of Lysine residues of tau. Some of them, 
such as Lys259, Lys290, Lys321 or Lys353 within the KXGS motifs are found to be reduced in 
AD brains [217]. On the other hand, acetylation of Lys280, which has been related to a number 
of AD tauopathies [386], and Lys174 are two of the major acetylation sites in tau and seem to 
delay tau degradation and have been found in PHFs in very early stages of the disease also seem 
to be increased in AD patient brains [218, 219]. Lys163 have been linked in the same way as 
Lys280 to microtubule destabilization and tau degradation inhibition [216]. Lys274 and Lys281 
are also found to be related to impaired memory in AD, but in this case, affecting to LTP 
expression [221, 242, 571]. In last times some of these acetylations earned particular interest due 
to their critical role in neurodegeneration. Lys280, located in the inter-repeat region (275 VQIINKK 
280) and Lys281 have demonstrated to be critical for microtubule binding, impairing it and 
increasing intracellular soluble tau pools susceptible to aggregate into PHFs [259, 260, 261]. 
In addition to hyperphosphorylation and acetylation, tau truncation has also recently received 
particular attention. Truncation of tau may promote its aggregation through oligomerization of the 
repeated domains [232, 233, 234]. Repeat 3 and repeat 2 of 4R tau, containing the β-sheet 
structure can aggregate forming PHFs [234]. Also tau 151–391 has been found in AD brain 
extracts [232, 234]. 
Modification of tau by β-linked N-acetylglucosamine, also known as O-GlcNAcylation, occurs on 
serine/threonine residues and therefore can also regulate tau phosphorylation. Only six O-
GlcNAcylation sites (Thr123, Ser208, Ser238, Ser356, Ser400, and one of Ser409/412/413) have 
been mapped on the tau protein [236], also found phosphorylated in AD. Remarkably, O-
GlcNAcylation rate levels of tau have been found decreased in human AD brains [237], 
suggesting that decreased O-GlcNAcylation may contribute to tau hyperphosphorylation. 
Impairment of glucose methabolism in sporadic AD might be the responsible of lower O-
GlcNAcylation levels worsening the disease [238]. 
Ubiquitination was first linked to tau aggregation three decades ago when was identified into NTFs 
[243]. Interestingly, all reported ubiquitination sites in tau are localized into the microtubule-
binding region. It is also known that other modifications in this domain, such as phosphorylation 
or acetylation, impair tau–microtubule interactions and can facilitate tau aggregation, so we could 
expect that the ubiquitination of tau in this domain may exert a similar effect [243]. Some recent 
in vitro and in vivo experiments have enlighten the way ubiquitination may increase tau 
aggregation, but some data remain controversial and the causality of this mechanism will require 
further investigation [244, 245, 246, 247, 248]. 
On the other hand, although pre-fibrillar soluble oligomeric species are poorly understood, some 
recent studies have shown that they may play the main pathologic role [224, 225]. In several 
transgenic mice lines with wild-type or mutant human tau, impaired synaptic function, synapse 
loss and cognitive deficits occur before or without any presence of NFT, which suggest that 
soluble tau species, and not NFTs, are the real problem [263, 264, 265]. In AD brains, around 
40% of the hyperphosphorylated tau is present as 200,000*g sedimentable oligomers [266, 267].  
Opposite to normal tau, which interacts with tubulin and promotes microtubule assembly, 
hyperphosphorylated tau sequesters normal tau, disrupting the microtubules structures [268, 
269]. However, AD brains isolated PHFs have no effect on microtubule assembly in vitro [270], 
suggesting that tau oligomers and not insoluble species represent the cytotoxic face of the 
hyperphosphorylated protein. So although these insoluble species have been used as diagnostic 
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markers, they might not be the main pathologic drivers, but actuate as a sink compartment of 
pathologic forms of tau. The mechanisms underlying this toxic effect are still controversial due to 
the lack of specific antibodies and the difficulty to isolate those toxic soluble species [225]. 
Regarding tau degradation pathways linked to tau pathology, some recent studies have shown 
that the impairment of the protein-degradation systems that results in the accumulation of tau 
could, in fact, be the main cause of tau aggregation [239, 240, 262]. 
All these findings point to a complex pathology and a number of elements such as monomeric 
species, soluble oligomers and insoluble aggregates, among a number of post-transcriptional 
modifications that may lead to neurodegeneration through several routes and mechanisms. 
 
1.1.8.3. Microglia and inflammation 
An important part of the research community has been working on the hypothesis of inflammation 
as an important target to halt or reverse AD progression. But we still do not know what exact role 
neuroinflammation plays in the disease. Is it a harmful driver of AD, or maybe it is an insignificant 
subproduct or consequence of the brain cell damage caused by the disease? Perhaps it is a 
beneficial activated mechanism for repairing and removing damaged or harmful elements [456]. 
To understand neuroinflammation, it is mandatory to understand microglia. After neurons, these 
are the second most common cells in human brain, and belong to the immune system for our 
CNS. In the absence of pathology, microglia functions as a support for neuronal healthiness 
through synaptic pruning, promoting normal brain connectivity and development, and through 
release of neurotrophic factors, contributing for CNS integrity [447].  
 

 
Figure 1.16. Acute and chronic microglial activation in the context of AD. In the surveillance state, microglia “patrols” the 
brain parenchyma detecting anomalous materials, while simultaneously secreting anti-inflammatory factors and sorting 
out dormant or damaged synapses maintaining a healthy neuronal state. Disturbances in brain homeostasis, such as Aβ 
presence, lead to microglia activation and to release pro-inflammatory mediators for recruiting other cells to induce the 
phagocytose of the detected disturbing body. When the insult is cleared, the inflammatory response is inhibited via 
Neuroimmune regulatory proteins activity (NiReg), leading to microglia secretion of anti-inflammatory factors for recalling 
tissue repair and growth. However, in neurodegenerative diseases, the sustained release of pro-inflammatory signals and 
extended neuronal death drives microglia into a state of chronic activation. Consequently, the loss of the homoeostatic 
functioning advocates to an accumulation of aggregated proteins, the stripping of synapses and, finally, general neuronal 
loss (adapted from ref 456 and 447). 
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Microglia also constantly patrol the brain, seeking for signs of infection or inflammation caused 
by toxic proteins such as Aβ that could damage neurons. Besides clearing those toxic sources of 
damage from the brain, microglia further release pro-inflammatory short-live molecules called 
cytokines that activate other microglia. Those secreted proinflammatory mediators include tumor 
necrosis factor-α (TNF α), interleukin (IL)-6, nitric oxide (NO) and several reactive oxygen 
species, among others. All of them hold neurotoxicity properties [448] (Figure 1.16).  
Once microglia has been mobilized, neuroimmune regulatory proteins (NiReg) modulate the 
microglia-mediated immune response to resolve the inflammatory process [449], promoting tissue 
repair through the secretion of diverse neurotrophic factors, including IGF-1, brain-derived 
neurotrophic factor (BDNF), transforming-growth factor-β (TGF-β), and nerve growth factor (NGF) 
[450]. In normal conditions and acute inflammatory events, the pro-inflammatory response 
resolves and microglia continue their brain vigilance. However, in AD, the amyloid plaques remain 
as a persistent irritant and the equilibrium between microglial surveillance and activation is 
disturbed, creating a feedforward loop that results in a chronic neuroinflammatory state, 
promoting inflammation and tissue atrophy. Healthy brain cells can be caught in the “friendly fire” 
and the collateral consequences can include injury to healthy cells among increased activity of 
BACE1 leading to the production of more toxic Aβ [447]. 
On the other hand, whether microglial activation and inflammatory processes are indeed a cause 
of or, on the other hand, induced by Aβ accumulation is still controversial. What seems more 
prudent to assert is that microglia could exert both neuroprotective or neurodegenerative effects 
in the AD brain depending on the severity and stage of the pathology. Customarily it was believed 
that microglia activation responded to the presence of Aβ deposits, clearing them via 
phagocytosis of Aβ fibrils and degrading soluble species [446]. In vitro and in vivo [445] studies 
have shown clear evidence that microglia are capable of internalize and degrade Aβ aggregates 
[451, 452] and demonstrating a beneficial role in early AD [453, 454].  
However, other studies point to the neurodegenerative side of microglia activation. It has been 
recently demonstrated that the adaptor protein apoptosis-associated speck-like protein containing 
a CARD (ASC) is released from activated microglia and binds to Aβ in the extracellular space 
promoting its aggregation, directly linking innate immune activation with the pathology 
progression [455]. 
 
1.1.9. AD cascade hypothesis summary 
Plentiful data on human and animal models blame Aβ and tau as the primary pathogenesis 
triggers of AD [488, 489], as well as the observation that the age-related increase of Aβ burden 
anticipates possible or probable AD development by around 15 years [490].  
 

 
Figure 1.17. Hypothetical mechanistic pathological pathways in AD. Simplified representation of the main possible 
mechanistic pathways for AD development represented using the new research framework proposed by Clifford et al. in 
ref 487 considering Aβ (A) and tau pathology (T), neurodegeneration (N), and cognitive decline (C). Although the most 
supported mechanistic hypothesis is the represented in A, others must be, and actually are being considered. The 
simultaneous effect of A and T in N represented in C is something that has been studied and observed. The rest of the 
mechanistic models, W, X, Y and Z implies that a fifth or even a sixth element must be the primary trigger of the other A, 
T and N elements, ultimately leading to C. These new elements (W, X, Y, Z) could be pathogens [501], autoimmune 
mechanisms [502], or other subjacent vascular or metabolic pathology [13, 48], hypothesis that have been considered 
and proposed in some research works [501, 559]. 
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Aβ and tau proteinopathies define AD as a singular disease among the many others also related 
to dementia. To exemplify the main mechanistic hypothesis considered to date, we will represent 
them as a “chain” of biomarkers using a new recently proposed nomenclature and AD definition 
proposed [487] (Figure 1.17). 
A number of people in the field think of amyloidosis as the main inducer of the spread of pathologic 
tau, perhaps by promoting pathologic tau strains [491]. In this thought, pathologic tau is intimately 
linked to neurodegeneration, and neurodegeneration is intimately linked cognitive decline. If it is 
the case, if the “alternative amyloid cascade hypothesis” were correct, the logical biomarker 
sequence of AD development would be the one represented in Figure 1.17A [492, 493]. 
Nonetheless, there exist other biomarker sequences that are indeed possible and might be 
investigated.  
In the hypothesis of T inducing A (Figure 1.17B), individuals with primary tauopathies (namely 
MAPT mutations producing 3R/4R fibrillar pathological tau that is morphologically identical to tau 
deposits in AD) would be expected to develop Aβ pathology, but it is not what has been observed 
until date. In other cases, both A and T could arise spontaneously and independently, or even 
promoted by a common upstream mechanism (W), leading to N (Figure 1.17C and D). As an 
example, it is likely that cell senescence [503], or age-related decay of some systems involved in 
immune control, or debris or toxic proteins clearance mechanisms may conform the upstream 
cause for both A and T accumulation. Moreover, A and T could be triggered by different and 
independent upstream mechanisms (X and Y) [504] (Figure 1.17E).  
On the other hand, in some cases, an unknown or not-proved upstream element or process (Z) 
could induce A, T, and N, being A and T side-phenomena that do not make part of the causal 
pathway of N and C. Z could symbolize a number different possible mechanisms, such as an 
immune malfunction, uncontrolled inflammatory processes [505], or network failure [506] (Figure 
1.17F).  

 
Figure 1.18. Interrelations between the biomarkers in AD. Descriptive nomenclature by a Venn diagram illustrating how 
AT(N) biomarker grouping and cognitive status may interact for classification of AD pathology. For simplifying, MCI and 
dementia are combined into a single (cognitively impaired) category and the A-T-(N)- and A+T-(N)+ groups are not 
represented in the figure. Abbreviations: MCI, mild cognitive impairment. (adapted from ref. 487). 

 
One important consideration above this mechanistic modelling of AD is that the same pathologic 
mechanism might have different effects in different people. It could happen that the pathway 
represented in Figure 1.17A is functioning in some individuals, but other individuals might have 
an additional “player” influencing or even annulling the effect of A on T. However, this hypothesis 
would need to be delicately addressed, because the simple fact of some individuals can die with 
A without developing T, N, or C does not necessarily prove the existence of this unknown 
additional factor [507].  
Other hypothesis that emerge using this research framework and must be tested is the 
hypothetical case where some may lead to A and T but never lead to N and C, making therapeutic 
interventions targeting A and T useless for preventing N and C. Thus that would be an evidence 
of neither A nor T are mandatory for the development of AD. 
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1.2. Therapies 
1.2.1. Current approaches 
As previously exposed, AD numbers are impressive and growing year by year. Special care cost 
only in the USA raised to about US$ 818,000 million in 2016 and the predictions point to a 35% 
increase every year [556]. 
Although there is still no cure for AD, there are numerous and variated approaches, from small 
molecules to immunotherapies for trying to stop the apparition and progression of the disease. 
The only treatments that are currently approved by the US Food and Drug Administration (FDA) 
for AD are drugs based in cholinesterase inhibitors and NMDA receptors (NMDAR) antagonists, 
which mitigate the symptoms, but do not stop the disease progression (Table 1.5) [289, 298, 299, 
439].  

 
For the last years, the main focus of research on novel pharmacotherapies was based on the 
amyloidogenic hypothesis of AD, proposing Aβ peptide as the only responsible for the cognitive 
impairment and neuronal death. These treatments target, on one hand, the β and 𝛾 secretase 
enzymes for reducing Aβ production and, on the other hand, the clearing mechanisms for 
dissolution existing Aβ plaques. However, until now these strategies have proven to be modestly 
effective [439, 569].  
In last times, recent studies suggest an alternative strategy centered on Aβ soluble oligomers, 
which may have a major role in the neuronal damage [283].  
Modulation of β-Amyloid transport between the CNS and the peripheral circulation have also been 
targeted with some potentially therapeutic compounds, such as with peripheral administration of 
LRP-1. However, the only drugs able to reach clinical stages are some inhibitors and modulators 
of RAGE, but with discrete results [566, 298] (Figure 1.19). 
 

Table 1.5. Therapeutics registered at FDS as clinical trials and drugs approved organized by clinical phase 
reached and the type of therapeutic approach (adapted from www.alzforum.com databases). 

Target type Dietary 
Suppl. 

Gene/ 
Stem Cell 

Immunotherapy 
(active) 

Immunotherapy 
(passive) 

Othe
r 

Procedural 
Interventio

n 

Small 
Molecule 

Phase 1 0 0 2 6 1 0 8 

Phase 1/2 0 0 1 0 0 0 1 

Phase 2 3 0 4 4 3 2 34 

Phase 2/3 1 0 1 1 1 0 3 

Phase 3 1 0 0 4 0 1 14 

Phase 4 3 0 0 0 0 0 5 

Approved 0 0 0 0 0 0 5 

Inactive 2 0 0 2 1 1 13 

Discontinued 1 1 2 5 2 0 61 

Not regulated 1 0 0 0 0 0 0 

Total 12 1 10 22 8 4 144 
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Figure 1.19. Aβ metabolism and pathology offers several potential therapeutic targets (green squares) for directing 
therapies. The inhibition or modulation of Aβ production may be a good strategy for attacking the problem at its origin. 
Once the Aβ is present in the brain, it is possible to use antibodies or small molecules to stimulate its clearance or 
sequestration, reducing neuronal damage and the aggregation in more danger species. Other possibility that has been 
tested is to use antibodies for disaggregate the pre-formed Aβ aggregates and facilitate the diffusion or clearance of more 
soluble and smaller species. And finally, the so-called “peripheral sink effect” hypothesis, by which, peripherally 
administrated antibodies may sequester and stimulate clearance of soluble species in the periphery, creating a gradient 
that may allow an efflux of Aβ from the brain [271, 281, 286, 293, 312, 330]. 

 

 

 
Figure 1.20. Tau pathology and potential therapeutic targets (green squares) based on the different points of the 
metabolic routes related to normal tau processing and pathologic pathways. SiRNAs and miRNAs can be used for 
modulating MAPT gene transcription and tau synthesis. Also inhibition of the chaperones heat shock protein 70 (HSP70) 
and HSP90, among autophagy and proteasome stimulators may facilitate proteasomal degradation instead of refolding, 
has been proposed as a possible treatment for tauopathies [431]. Obviously, as tau´s main task is to stabilize 
microtubules, to compensate the loss of function has been one of the targets for testing new tau-directed AD therapies 
[179]. Tau post-translational modifications, specially phosphorylation, have been extensively studied due to their important 
role in gain or loss of tau functions. Therefore, suppressing tau hyperphosphorylation by inhibiting kinases or on the 
contrary stimulating phosphatases, is extensively being investigated as a potential therapeutic approach [432,433]. Tau-
based immunotherapy, as for Aβ, is another promising approach, both for targeting aggregated or pathologic tau forms. 
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Regarding AD tau pathologic hypothesis, treatments have been centered in inhibiting 
phosphorylation and aggregation by modulating or inhibiting kinases and stimulating 
phosphatases and using chaperones for interfering aggregation processes [303, 304, 306]. Also 
microtubule-stabilization drugs have been tested, for trying to compensate the loss of function of 
pathologic tau [310, 311]. But in last years, immunotherapeutic strategies have gained support 
for promoting tau aggregates clearance and targeting pathologic forms of tau (Figure 1.20) [298, 
299, 301, 302, 305, 309, 312, 439]. 
Other drugs centered in making targets related to other AD pathologic hypothesis such as 
cholinergic system [567], inflammation [568], neurotransmitters or 5-HT6 receptors have also 
been tested in preclinical and clinical trials or are currently accepted by the FDA (Table 1.6). 

 
Table 1.6. Therapeutics registered at FDS as clinical trials and drugs approved organized by clinical phase 
reached and the type of the target (adapted from www.alzforum.com databases). 

Target type Aβ Cholesterol Cholinergic 
System Inflammation Other Tau Unknown 

Phase 1 5 1 2 2 6 3 2 

Phase 1/2 2 0 0 0 0 0 0 

Phase 2 13 0 0 5 34 3 5 

Phase 2/3 6 0 0 3 2 0 0 

Phase 3 10 0 0 3 9 1 1 

Phase 4 0 1 0 0 5 0 1 

Approved 0 0 4 0 1 0 0 

Inactive 4 1 5 2 5 1 3 

Discontinued 16 0 18 8 30 4 4 

Not regulated 0 0 0 0 1 0 0 

Total 56 3 29 23 93 12 16 

 
1.2.2. Immunotherapies 
A remarkable application of antibodies is also the one this thesis will put more emphasis, 
immunotherapy. To use antibodies as therapeutics is one of the most promising clinical 
approaches in the last years to treat several severe diseases such as cancer or AD.  
Until 2017, 72 therapeutic monoclonal antibodies have been approved by the FDA or European 
Medicines Agency (EMA) (in 2012 were 32). Cancer and autoimmune diseases are the fields 
where more antibody-based drugs are being used. The mechanisms through therapeutic 
antibodies exert their activity are diverse and even unknown in some cases, but include from 
neutralization of substances (toxins [417, 418, 419] or cytokines [420]) to receptors blocking [421], 
binding to cells, host-immune system activation [422], or a combination of these effects [423].  
 
1.2.2.1. Antibodies 
Antibodies, also referred as immunoglobulins are glycoproteins product of an engineering system 
designed for generating a virtually unlimited collection of complementary molecular surfaces in 
response to an antigen. Their unlimited structural diversity is needed for an infinite batch of 
antigenic determinants recognition [435]. Antibodies are produced by B lymphocytes (also known 
as plasma cells) when an antigen binds a receptor in their surface [434, 278]. 
Two structurally defined essential roles have been attributed to antibodies. On one hand, 
antibodies bind to an epitope through the variable regions placed in the two “open arms” of the Y 
structure. Each arm (Fab) domain contains a binding site, giving to the antibodies a bivalent 
character, although the interaction of both domains with an antigen is in frequently vital for 
maintaining the functionality of the antibody. On the other hand, the Fc domain of the structure 
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confers the antibody the biological effector functions such as natural killer (NK) cell activation, 
activation of the classical complement pathway, or phagocytosis [278]. 
The basic structure of antibodies is composed by several small protein domains, formed by two 
antiparallel β-sheets and belongs to the immunoglobulin (Ig) superfamily. Two identical copies of 
a heavy (∼55 kD) and light (∼25 kD) chain are linked together by disulphide and noncovalent 
bonds, conforming a commonly represented Y-shaped structure weighting around 150 kD (Figure 
1.21) [278]. 
 

 

Figure 1.21. Antibodies´ structure. A. Sample structure of an IgG2 immunoglobulin (Mab231) obtained by X-ray diffraction. 
Heavy chains are colored in yellow and pale blue and light chains in pink and green. Different Fc, Fab and Fv fragments 
are shaded in grey rectangles. B. Simplified scheme of a typical IgG antibody, formed by four chains (2 light and 2 heavy 
chains) engaged by disulphide bonds. 

 

Immunoglobulins are composed of two identical polypeptide chains of ∼500 amino acids (heavy 
or H chains) linked by covalent bonds through disulphide bridges to two identical polypeptide 
chains of about 250 residues (light or L chains). The H and L chains may also be divided into a 
N-terminal variable (V) portion and a C-terminal constant (C) portion. Each heavy chain contains 
from four to five Ig domains (VH, CH1, CH2, CH3 ± CH4, depending on the antibody isotype), 
while each L chain consists of two more domains (VL, CL). The VL and CL domains are 
disulphide-linked with the VH and CH1 domains, respectively, to form the Fab region of the 
antibody, which is linked through a hinge region to the Fc domain, formed by noncovalent 
association of the CH2–3/4 domains from both chains.  
The variable domains of molecule (VH and VL), forming the Fv, contain three segments each, 
which connect the β-strands and are highly variable in length and sequence [278]. These are the 
so-called complementarity-determining regions (CDRs), and are located in close spatial proximity 
on the surface of the V domains. These regions determine the conformation of the combining site 
and, in this way, the CDRs confer specific binding activity to apical regions of the Ig domain to 
recognize and bind a complementary surface (epitope) on the antigen (Figure 1.21). 
 
1.2.2.1.1. Epitopes 
A wide but acceptable definition of epitope could be “a restricted area of a protein that is 
recognized by a combined site or paratope of an immunoglobulin”. Protein antigenicity relies in 
these different types of epitopes, which can be differentiated as continuous and discontinuous 
epitopes, cryptotopes, neotopes, and mimotopes. These epitopes are recognized by the 
combining sites or paratopes of certain antibodies. Epitopes use to have diffuse boundaries and 
can be mainly identified only by their ability to be recognized by certain antibodies. However, 
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cross-reactivity is a common phenomenon due to antibodies are always able to bind a wide range 
of related epitopes [435]. 
As previously indicated, epitopes of proteins are used to be classified as continuous or 
discontinuous (often called conformational) depending on whether the residues included in the 
epitope are contiguous or not in the peptide chain. The distinction is not clear-cut and difficult to 
study since discontinuous epitopes frequently contain short segments of some contiguous 
residues able to bind to antibodies and could be given the status of continuous epitopes when it 
is not strictly true [435, 272, 275, 276]. 
The epitope-paratope complementary interaction is formed by a number of physicochemical 
bonds consisting of electrostatic and polar forces, such as van der Waals or hydrogen bonds 
found in any other protein interactions.  
The mapping of an antibody´s epitope is one of the most important characterization assays to 
perform, due to it will define the exact interaction with the antigen and the therapeutic effect 
exerted by the antibody in the case to be used for therapy. Several techniques have been used 
to map antibodies´ epitopes, from enzyme-linked immunosorbent assays (ELISA) or arrays using 
several variants and combinations of possible epitopes, to MALDI spectrometry, nuclear magnetic 
resonance (NMR) or analysis of crystallized antibody-antigen complexes, being these last two 
some of the most reliable and from which more information can be obtained.  
NMR is a powerful tool for obtaining data related to the epitope´s boundaries and the order each 
residue interacts with antibody´s paratope, obtaining a detailed sequence of affinity for each 
amino acid. On the other hand, crystallography gives very interesting information regarding the 
spatial conformation of the interaction and showing how the antibody influences the conformation 
of the antigen through the interactions with each residue.  
However, is must be considered that the structure of an epitope after complexation with a 
neutralizing antibody could be different to the structure of the peptide unconjugated or even the 
original structure of the immunogen, thus it is an unreliable guide for identifying the exact epitope 
structure that was initially recognized by the B-cell receptors during the immunization process 
[435]. 
 
1.2.2.1.2. Avidity, Affinity, Specificity, Discrimination and Cross-Reactivity 
There are some more important concepts to understand the mechanisms underlying antibody-
antigen interactions.  
Affinity (KA) is defined as the strength of the interaction between an epitope and an antibody’s 
antigen binding site. It is ruled by the same basic thermodynamic principles that govern any 
reversible biomolecular interaction and is represented by KA. KA describes how much antibody-
antigen complex exists when an equilibrium is reached. The time taken for this to happen depends 
on the diffusion rate and is similar for all antibodies. However, high-affinity antibodies will bind a 
bigger amount of antigen in a shorter period of time than low-affinity antibodies. KA values vary 
widely for antibodies from below 105 mol-1 to above 1012 mol-1, and can also be influenced by 
other external factors such as pH, temperature or buffer composition [411]. 
 

𝐾𝐴 =
𝐴𝑏 − 𝐴𝑔
𝐴𝑏 𝐴𝑔

 

 
On the other hand, specificity measures the degree with the immune system is capable to 
discriminate between different antigens while cross-reactivity measures the extent to which 
different antigens appear similar to the immune system. The molecular determinants of specificity 
and cross-reactivity define the nature of antigenic variation and the selective processes that 
shape the distribution of variants in populations [411].  
Antibody specificity is use to believe to correlate with high affinity, since it is expected that highly 
specific antibodies should have a better stereochemical complementarity with their antigens than 
other antibodies with lower affinity. However, there is no crucial link between affinity and 
specificity, and antibodies with lower affinity may indeed discriminate better between two antigens 
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than others antibodies of high affinity do [38]. Anyway, it would be more worthwhile to speak of 
“discrimination potential” than specificity regarding antibodies. 
Since proteins shelter many different epitopes, different levels of cross-reactivity could be found 
depending on the epitope related to a particular Mab. In fact, it depends on the aim of the 
investigator the criterion for deciding whether a particular antibody is specific or not for an 
intended protein [38]. Antibodies, obviously, are only specific for individual epitopes and never for 
antigens. It is also important to take into account that antibodies´ potential to discriminate between 
antigens is optimal only in a restricted range of experimental conditions and that when used at 
high concentrations could tend to react non-specifically with many other molecules [61, 62] 
Regarding the existing and important differences between antigens and immunogens, the 
following concepts are important: antigenicity is the chemical property of proteins that describes 
the interaction between epitopes and paratopes, the chemical and structural complementarity. 
On the other hand, immunogenicity is the ability of a protein to trigger an immune response in a 
host [34], and depends on the biological context and other extrinsic factors influencing the 
immune system mechanisms. Therefore, when a peptide fragment of a determined protein cross-
react antigenically with an antibody raised against the protein, this does not guarantee that it could 
be able to trigger the production of antibodies that cross-react with the protein [5]. 
 
1.2.2.1.3. Types of antibodies 
Antibodies can be classified by a number of ways in function of their structure, function, clonality 
and depending of the species of origin or the artificial modifications made of their structure. 
Following a criteria based in structural characteristics, there can be distinguished five primary 
classes of immunoglobulins are IgG, IgM, IgA, IgD and IgE. Tey are differentiated by the type of 
heavy chain found in the molecule. IgG molecules have heavy chains known as gamma-chains; 
IgMs have mu-chains; IgAs have alpha-chains; IgEs have epsilon-chains; and IgDs have delta-
chains. Other immunoglobulin classes have been identified in other vertebrates, such as the avian 
IgYs, the nanobodies found in camelids, which lack of light chains, or monodomain 
immunoglobulins produced by cartilaginous fishes (Table 1.7) [8, 10]. 

 

Table 1.7.  Different human Ig classes and subclasses (Isotypes) based on their structure. 

Ig class 
Subclasses 

(in human, rat 
and mouse) 

Structure Properties 

IgG 

IgG1 

 

- Molecular weight: 150,000 
- H-chain type (MW): gamma (53,000) 
- Serum concentration: 10 to 16 mg/mL 
- Percent of total immunoglobulin: 75% 
- Glycosylation (by weight): 3% 
- Distribution: intra- and extravascular 
- Function: secondary response 

IgG2 

IgG3 

IgG4 

IgM  

 

- Molecular weight: 900,000 
- H-chain type (MW): mu (65,000) 
- Serum concentration: 0.5 to 2 mg/mL 
- Percent of total immunoglobulin: 10% 
- Glycosylation (by weight): 12% 
- Distribution: mostly intravascular 
- Function: primary response 
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Regarding clonality, antibodies can be classified into poly- and monoclonal depending on the cells 
producing them. In a normal biological immunologic response, due to most antigens are highly 
complex, numerous epitopes into them are recognized by a number of lymphocytes. Then, each 
activated lymphocyte differentiate into plasma cells, resulting in a polyclonal response [278]. 
Thus, polyclonal antibodies are produced by several different clones of B cells and recognizes 
several epitopes of the same antigen (Table 1.8).  
 

 
Table 1.8. Monoclonal and polyclonal antibodies characteristics and uses and comparison between. 
 Advantages Disadvantages 
Monoclonal - Production of large quantities of identical 

antibody.  
- Homogeneity between batches 
- High specificity 
- Low of cross reactivity 
- More accurate results in quantification 

assays 

- Significantly more expensive to produce 
- More time-consuming for producing and 

developing the hybridoma 
- Small changes in the epitope’s structure often 

results in antibody malfunction 
- Specific storage conditions for the clones 
- Cell culture and purification trained staff 

required 
- Less robust for detecting the protein in a 

denatured or altered conformation 
- Poor yield for applications requiring quick 

capture of the target protein 
- More sensitive to pH and buffer conditions 
- More susceptible to binding changes when 

labelled. 
 

IgA 

IgA1 

 

- Molecular weight: 320,000 (secretory) 
- H-chain type (MW): alpha (55,000) 
- Serum concentration: 1 to 4 mg/mL 
- Percent of total immunoglobulin: 15% 
- Glycosylation (by weight): 10% 
- Distribution: intravascular and secretions 
- Function: protect mucus membranes 

IgA2 

IgD  

 

- Molecular weight: 180,000 
- H-chain type (MW): delta (70,000) 
- Serum concentration: 0 to 0.4 mg/mL 
- Percent of total immunoglobulin: 0.2% 
- Glycosylation (by weight): 13% 
- Distribution: lymphocyte surface 
- Function: unknown 

IgE  

 

- Molecular weight: 200,000 
- H-chain type (MW): epsilon (73,000) 
- Serum concentration: 10 to 400 ng/mL 
- Percent of total immunoglobulin: 0.002% 
- Glycosylation (by weight): 12% 
- Distribution: basophils and mast cells in 

saliva and nasal secretions 
- Function: protect against parasites 
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Polyclonal - Low production costs 
- Quick production 
- Easy and cheap to store 
- Highly stable and tolerant against pH or 

buffer changes 
- Higher affinity and more robust detection of 

the antigen due to multiple epitopes 
recognition 

- Higher sensitivity for proteins detection 
- Optimal as capture antibody for Sandwich 

ELISA 
- Quicker binding to antigen 
- Significantly more robust when detecting 

proteins wearing slight variations in individual 
epitopes 

- Superior detecting native proteins in multiple 
assay types 

- Ease for coupling and stability when labelling 

- Variability between batches from different 
animals and different time points 

- Higher cross reactivity due to multiple 
epitopes recognition 

- Affinity purification of the serum is required for 
minimizing cross reactivity 

 
On the other hand, monoclonal antibodies are produced by a single B cell clone and recognize 
a unique epitope. Monoclonal antibodies were discovered in sera of multiple myeloma patients 
and afterwards, in the 70s, Köhler and Milstein developed the technique that allowed to 
generate monoclonal antibodies against a determined antigen and a desired specificity [278, 
354]. In terms of usability, both poly- and monoclonal antibodies have advantages and 
disadvantages determined by the technique and it requirements (Table 1.8). 
 
1.2.2.1.4. Production 
1.2.2.1.4.1. Antigen presentation and immune response 
The antigen preparation and presentation is fundamental for antibodies production. It is essential 
for the immunization the presentation of the antigen to the immune host in the form that elicits the 
strongest and most specific immune response. Consequently, there is a need to carefully monitor, 
for example, by mass spectroscopy or other functional assays the quality of the immunogen.  
In case of recombinant proteins, post-translational modifications may be critical to the successful 
isolation of antibodies and needs to be taken into account [340, 341]. For example, abnormal 
glycosylation could provoke the obscuring of an epitope when produced in E. coli or yeasts, 
generating antibodies that will not recognize the protein in a mammalian system [342]. 
Therefore, the quality, integrity, and folding state of an antigen are crucial parameters for 
successful antibody generation. The antigen characteristics should mimic as closely as possible 
its condition in the desired application. The use of peptides as immunogens is extended, fast and 
straightforward. Peptides can be used as substitutes for complete proteins and usually are 
coupled with a carrier protein, for example, keyhole limpet hemocyanin (KLH) or bovine serum 
albumin (BSA) in order to elicit a stronger immunoreaction. 
 
1.2.2.1.4.2. Polyclonal antibodies production 
Polyclonal antibodies (pAbs) are still widely utilized in research and diagnostics, and there exist 
more than 100 biotech companies making pAbs around the globe. 
To generate pAbs, the host is inoculated with the immunogen, similar to the process of vaccination 
or for producing mAbs. Once immunogens are infused into the host, the immune response 
processes lead in proliferation and differentiation of B cells into antibody-secreting plasma cells. 
Blood serum can be collected and antibodies purified for use. To enhance the antibody response 
and maximize the antibody titter, adjuvants can be used in combination with the immunogen. 
 
1.2.2.1.4.3. Monoclonal antibodies production 
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The first technology to obtain monoclonal antibodies (mAbs) was developed by Milstein and 
Köhler, who in 1975 successfully fused immortal myeloma cell lines with antibody producing B-
cells for producing hybridomas. Later, in 1986 the first immunotherapy with monoclonal antibodies 
was approved for use in humans (Muromonab-CD3) [438]. Muromonab was an unmodified 
mouse antibody, one of the only four fully murine therapeutic mAbs approved until now for clinical 
use. There exist several methods for producing, isolating and purify monoclonal antibodies, from 
hybridoma technology to several in vitro display techniques that increase flexibility, speed and 
the possibility to synthesize chimeric or humanized antibodies. 
 
1.2.2.1.4.3.1. Hybridoma technology 
B cells can produce millions of different antibodies. However, each of these B cells can only 
produce identical antibodies of a certain, predetermined specificity [354]. Kohler and Milstein, who 
in collaboration with Niels Jerne, were awarded the 1984 Noble prize for physiology and medicine 
for the development of such technique. The technique was named “hybridoma technology” due 
to it involves cell hybrids to produce sets of identical monoclonal antibodies against specific 
antigens. They achieved it by fusing myeloma cells with antibody-producing B cells. By merging 
the B cell with the myeloma cell, the cell resulting owns the ability to divide rapidly and perpetually, 
while keeping the capacity of producing antibodies. It can also be selected, allowing to have large 
numbers of identical antibody producing cells growing in cell culture. The original concept of 
hybridoma technique has been optimized during the last few years using different new 
approaches like pearl-chain formation (using electric fields for improving fusion), laser radiation 
(for guiding the lymphocytes and optimize the fusion), B-cell targeting (for increasing selectivity 
of the fusions), antigen-biotin and antigen-avidin selection or multitargeting [355]. 
 
1.2.2.1.4.3.2. Phage display technology. 
The generation of fully human monoclonal antibodies was intimately linked from the beginning to 
the development of the so-called phage display technology. First described by George Smith in 
1985 [357], phage display was initially limited to the selection of peptides. Afterwards, however, 
it was demonstrated that antibody fragments could be also successfully displayed on phages 
[358], becoming the most extended alternative for the generation of human antibodies. The 
technique does not depend on any immune system, being based on genetic engineering of the 
coating E. coli bacteriophage´s proteins and an in vitro selection mechanism called “panning” 
[358, 359]. Phage display of antibody libraries rapidly became a powerful method for both 
studying the immune response and as a method to rapidly select and evolve human antibodies 
for therapy. The fist therapeutic monoclonal antibody selected by phage display technique was 
Adalimumab (Humira), an anti-TNF antibody produced by Cambridge Antibody Technology and 
marketed by Abbott [360]. 
 
1.2.2.1.4.3.3. Other techniques 
Besides phage display, several other in vitro display techniques such as yeast display, puromycin 
display, ribosomal display or bacterial display technologies have been developed to match 
specific needs or to improve the original phage display method [350, 352, 353, 411].  
 
1.2.2.1.4.3.4. Humanization 
Because murine antibodies have a shorter therapeutic half-life due to they are recognized by the 
immune system´s patient as foreign proteins, leading to a human anti-mouse (HAMA) response, 
they must be humanized. Humanization is a process oriented to modify antibodies sequences to 
reduce this immunogenicity for the use in human subjects. In the last few decades, since the first 
approved humanized antibody in 1997 (Daclizumab), a number of new methods have been used 
to isolate both full antibodies and fragments and to re-engineer those antibodies [570] (Figure 
1.22). 
These methods englobe well-established techniques including immunization and hybridoma 
technology, phage display and other more innovative approaches including ribosome display 
[350, 351], yeast display [353], puromycin display [352], or bacterial display [411]. All these 
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methodologies follow the same principles: proper antigen presentation, isolation, screening, 
selection and characterization of the selected binding molecules. 
Nowadays there are used two main strategies for the generation of human antibodies: transgenic 
mice and in vitro selection technologies. Transgenic mice are animal containing the human 
immunoglobulin repertoire instead of the murine one, permitting the generation of human 
antibodies by hybridoma technology [378, 379, 380]. One of the advantages of this method is the 
in vivo affinity maturation. The limitations are related to toxic and conserved antigens. On the 
other hand, the popularization of the production of human monoclonal antibodies for research 
and clinical use was closely related to the development of several in vitro selection techniques, 
specially phage display technology [356]. 

 

 
Figure 1.22. Schematic representation of a murine, chimeric, humanized and a human antibody. chimeric antibodies are 
the result of partial substitution of several fragments of the original antibody by parts from other species. In a more intense 
way, a humanized antibody is the result of the substitution of the entire sequences of a determined antibody by human 
sequences, except for the hypervariable regions placed at the CDRs. 

 
1.2.2.1.5. Uses of antibodies 
The capability of antibodies to selectively bind specific epitopes has been extensively exploited 
through the last decades. Several applications have been developed in several work fields, from 
antigen purification or cells isolations to use antibodies for mediating and modulate physiological 
effects for research, diagnostic or therapeutic purposes. 
Regarding analytic applications, immunoblots, immunostainings and immunoprecipitations are 
some basic commonly antibodies’ uses for identification and location a determined antigen or 
related molecule in a liquid or solid sample. In this kind of analytic applications, we can gather 
techniques such as ELISAs, WB, antibody microarrays, X-ray crystallography, FACScan 
cytometry, immunofluorescence, immunohistochemistry, etc. [383, 384, 385]. 
As said, antibodies are also useful tools used in purification and sample enrichment. Antibodies 
covalently linked to a platform such a particle or surface can be used for isolate or enrich antigens 
washing away other unbound molecules present in the sample of interest. Those platforms can 
be from fluorophores to magnetic particles, plates or resins [386, 387, 388, 389] 
An application used since the mid-1980s, are related to reaction mediation and modulation. These 
techniques use antibodies (abzymes or catalytic antibodies in this case) as structural elements to 
facilitate an energetically unfavourable catalytic reaction [390]. Also in this kind of applications, 
antibodies can be used for blocking, neutralizing or activating cellular pathways in order to study 
these pathways or generate knock out animal models [391, 392]. 
 
1.2.2.1.6. Monoclonal antibodies´ market share 
According “The 2017 Market for Research Antibodies: Keys to Success for Commercial 
Suppliers” report from BioInformatics LLC, it is estimated that monoclonal antibodies for research 
use hit the US$ 100 billion mark in 2017, with Abcam, Cell Signaling Technology, MilliporeSigma, 
Santa Cruz Biotechnology and Thermo Fisher Scientific as main characters in this market. 
Research antibodies are commonly used in basic and clinical research and are commercially 
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available from hundreds of companies to be used without intellectual property limitations (in most 
cases).  
Regarding scientists who use antibodies, the majority use commercial, pre-made antibodies. In 
addition to pre-made antibodies, however, scientists still rely on custom antibodies (either from a 
commercial supplier or made in-house) and antibodies from their colleagues for less common or 
newly identified gene targets (Figure 1.23). 

 
Figure 1.23. Use and market shares of antibodies. 
Most of the researchers use the typical commercial 
antibodies (90%), after this main option, other 
alternatives that seem to be almost equally used are 
custom antibodies, developed at core facilities or in-lab, 
or from commercial suppliers, or to use leftover or 
developed antibodies from other colleagues. 
 
 
 
 
 
 
 
 

In therapeutic uses, according to a report published recently by Zion Market Research, global 
monoclonal antibody therapeutics market was valued at approximately US$ 108.01 billion in 2017 
and is expected to generate revenue of around US$ 218.97 billion by the end of 2023, an 
approximate growth of 12.5% between 2017 and 2023. [555]. 
 
Immunotherapy 

Among all the therapeutic strategies highlighted and used in the last years against AD, 
immunotherapy is one of the most promising approaches for assessing such a complex disease. 
These therapies have gained a lot of importance in the last decade, achieving more fails than 
achievements, but still being one of the most hopeful opportunities to treat AD.  
There are two basic approaches in immunotherapy to fight against AD, active and passive 
immunization. In active immunization, a fragment of amyloid beta or the antigen of interest is 
inoculated to the subject in order to provoke a response of both antibody and cellular-based 
immunity. In passive immunization, on the other hand, the intravenous injection of external pre-
formed antibodies to the subject has the purpose of target and help the immune system to remove 
the pathological molecule. Here, depending on the mechanism, antibodies may exert their main 
effect differently: (i) Microglial phagocytosis: Entering the brain from the bloodstream, antibodies 
may target aggregates and fibrils, activating microglial phagocytosis via the Fc receptor [475, 
476]. However, some studies have showed that Fc mediated phagocytosis is not obligated for 
clearance of Aβ induced by immunotherapy [477]. (ii) Catalytic disaggregation: In this case, 
antibodies may also cross the BBB, enter the brain and disrupt the insoluble deposits, neutralizing 
their toxic effects and/or facilitating the solubilisation of the compounds and their diffusion outside 
the brain [478, 479, 480]. Nonetheless, it has been shown that, in the case of the Aβ, certain 
soluble oligomeric species could be the most harmful element, more than insoluble fibrillary 
deposits. (iii) In the periphery, where they bind to circulating forms of the pathological molecules 
[471] and restrict translocation to the brain. In addition, the binding of antibody to the molecules 
may accelerate clearance and degradation by macrophages of the reticuloendothelial system and 
generate a concentration gradient across the BBB, hypothetically promoting efflux from the brain 
into the systemic circulation. This phenomenon is known as the “peripheral sink” hypothesis [465, 
471, 472, 473, 474]. 
In 1986, the first antibody, the murine muronomab-CD3 (Orthoclone OKT3®) was approved for 
therapy [422]. After that, for solving some dosage and reaction problems, the second generation 
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of therapeutic antibodies were chimeric [424, 425], and later on the antibodies for human clinical 
tests were humanized [426]. The next important step was in 2002, when the first fully-human 
antibody, Adalimumab (Humira®), was commercially launched [427]. Although within the last 15 
years this field has grown enormously, there are several issues still remaining that are hindering 
the obtaining of positive results in the clinical trials for treating CNS disorders such AD. Those 
issues are related to, first, antibodies administrated or generated by the own subject may cross 
the BBB to exert their major effect. In normal conditions, only about 0.1% of the antibodies present 
in the circulating tissues cross the BBB. Second, the removal of amyloid of tau deposits from brain 
once neuronal damage is already produced, has not been so effective as expected, so the key to 
solve this issue would be to start the treatment in a very early stage of the disease. Third, an even 
better understanding of the clearance of immune complexes is required to avoid secondary 
effects and the fatigue of the clearance mechanisms during long treatments [271]. 
Now, for completing this state-of-the-art review, there will be summarized some of the main 
clinical and pre-clinical attempts to find an effective immunotherapy for AD, targeting two of the 
most promising clinical molecular targets, Aβ and tau protein: 
 
1.2.2.2. Aβ-targeted immunotherapy 
1.2.2.2.1. Pre-clinical immunotherapeutic trials targeting Amyloid beta 
Since Schenk and colleagues reported the beneficial effect of an Aβ immunotherapy in a 
preclinical study of an Aβ(1-42) active immunization in PDAPP transgenic mice in 1999 [412], 
numerous attempts have been carried out to try to find positive effects of both active and passive 
immunization, mainly in mice AD models. Schenk and colleagues reported that immunizing mice 
prior to the onset of pathology significantly reduced levels of cerebral amyloid and produced high 
serum antibody titters. Afterwards, two more works demonstrated that Aβ vaccination in CRND8 
[413] or APP/PS1 [414] tg mice strongly improved performance in learning and memory tasks. In 
consequence, many active immunotherapeutic approaches were explored and published during 
the last decades confirming the Aβ reduction effect of Aβ vaccination in AD-like tg mouse models 
[415]. 
On the other hand, passive immunization treatments using Aβ antibodies against the N-terminus, 
mid-domain, and C-terminus of Aβ have been reportedly tested in AD transgenic mice models. 
Bard and colleagues published in 2000 a passive immunization report in PDAPP mice using 
several different monoclonal anti-Aβ antibodies with different IgG isotypes and targeting various 
Aβ epitopes [416]. It seemed that the anti-Aβ antibodies managed to enter the CNS, bind plaques 
and induce clearance of pre-existing deposited amyloid. Since then, dozens of preclinical tests 
have been published showing reductions in Aβ burden and other pathological biomarkers among 
cognitive improvements. Some of the antibodies tested, like 3D6, m266 or BAM-10 were accepted 
afterwards to enter to clinical phase trials, being subject of humanization and several 
modifications for improving their performance in humans. 
 
1.2.2.2.2. Clinical immunotherapeutic trials targeting Aβ 
1.2.2.2.2.1. Active immunotherapies  
As previously highlighted, active immunotherapies or active vaccination engages the own subject 
cellular and humoral immune system, among B and T cells, to produce antibodies against the 
antigen inoculated. An active vaccines consist of an antigen combined with an adjuvant that boost 
the immunologic response of the subject. On one hand, these active strategies can induce long-
term antibodies production in a large population without needing constant administration and 
reducing costs and, in addition, to lead to a polyclonal antibodies production against multiple and 
overlapped epitopes, helpful for a broad coverage. However, it also induces T-cell response, 
increasing the risk of leading to a deleterious immune reaction, being difficult to modulate and 
shut off [271]. 
In the mid-nineties, Beka Solomon´s research group proposed that an anti-Aβ molecule could 
work as a tool to be used to prevent Aβ aggregated forms depositions and even disaggregate 
pre-formed fibrils [313, 314]. Afterwards, in 1999, Schenk and collaborators at ELAN 
Pharmaceuticals showed in vivo that active immunotherapy against full length Aβ using an 
adjuvant effectively reduced Aβ plaques burden in AD transgenic mice [315]. Later on, the first 
active vaccine clinical trial against AD (AN1792), was interrupted in 2002 due to 
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meningoencephalitis development in 6% of the case studies. It was composed by full length Aβ, 
a QS-21 (saporin) adjuvant and a plysorbate 80 for stability reasons [316]. Although the study 
was halted, several new strategies arise from it, such as vaccines based in mimotopes and 
neoepitopes, Aβ conjugates, or DNA, phage, virus-like particles or viral vectors. Currently, a 
number of clinical trials are being carried out with second generation Aβ vaccines with the main 
goals of preventing plaque deposition and enhance Aβ clearance (Table 1.9). 

 
1.2.2.2.2.2. Passive immunotherapies  
Passive immunotherapies involve the direct injection of monoclonal antibodies without 
demanding the own immune system to engage antibody production. Immediate stopping of 
administration in the case of adverse effects, precise dosing control or the possibility to target 
specific epitopes without disturbing other similar conformations are some of the benefits of this 
therapeutic strategy. On the other hand, it requires the production of expensive humanized 
monoclonal antibodies and frequent injections, making it more complicated for long-term 
treatment, specially for a large population compared to active immunization. In addition, repeated 
dosing with antibodies elongated over time could lead to the production of anti-antibodies, which 
potentially would have a neutralizing effect and/or lead to side effects such as inflammation, 
cerebrovascular accidents or neuronal hyperactivity [271, 330, 429].  
Among the antibodies used until date within this immunotherapeutic approach for treating AD, 
there can be considered three types of drugs:  
 
1.2.2.2.2.2.1. Humanized antibodies 
3D6/Bapineuzumab/AAB-003 

Back in the year 2000, Bard and colleagues demonstrated that external systemic administration 
of a monoclonal antibody against the N-terminal region of Aβ, called 3D6, to transgenic mice 
resulted in antibody brain entry, Aβ plaque binding and induction of Fc-receptor-mediated 
microglial phagocytosis of the Aβ deposits [317, 332].  
From the crystal structures solved, eleven possible hydrogen bonds were observed between the 
antibody and Aβ residues including Asp1 (3 bonds), Glu3 (4 bonds) and Arg5 (4 bonds). 
Moreover, there were identified five water-mediated hydrogen bonds and numerous Van der 

Table 1.9. Summary of the active immunotherapeutic clinical trials performed targeting Aβ (adapted from 
www.alzforum.com database). 
Name Synonyms FDA Status Company Target Therapy Type Approved  

ABvac 40  AD (Phase 2) Araclon Biotech Amyloid-
Related 

Immunotherapy 
(active)  

ACI-24 Pal1-15 
acetate salt 

AD (Phase 1/2), 
Down's 
Syndrome 
(Phase 1) 

AC Immune SA Amyloid-
Related 

Immunotherapy 
(active)  

AN-1792 AIP 001 AD 
(Discontinued) 

Janssen, Pfizer Amyloid-
Related 

Immunotherapy 
(active) 

None 

Affitope 
AD02  AD (Phase 2) AFFiRiS AG Amyloid-

Related 
Immunotherapy 
(active)  

CAD106  AD (Phase 2/3) 
Novartis 
Pharmaceuticals 
Corporation 

Amyloid-
Related 

Immunotherapy 
(active) None 

Lu 
AF20513  AD (Phase 1) 

H. Lundbeck, 
Otsuka 
Pharmaceutical 
Co., Ltd. 

Amyloid-
Related 

Immunotherapy 
(active)  

UB 311  AD (Phase 2) United 
Neuroscience 

Amyloid-
Related 

Immunotherapy 
(active)  

Vanutide 
cridificar 

ACC-001, 
PF-
05236806 

AD 
(Discontinued) 

Janssen Amyloid-
Related 

Immunotherapy 
(active) 

None 
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Waals contacts made between antibody and the Aβ peptide including nine residues from the light 
chain and ten residues from the heavy chain [319] (Figure 1.24). All these interactions lead Aβ N-
terminal region to form an α-helical conformation similar to what it forms in apolar environments 
(plaques, membranes). It is believed that this structure is mandatory for the antibody recognize 
the peptide, so when Aβ N-termini suffer truncation or modifications, such structure is not formed 
and antibody clinical efficacy is compromised [428]. 

 
Figure 1.24. The Aβ peptide nested in the groove of the 
Bapineuzumab´s Fab CDRs. The peptide is shown in green 
sticks with the Fab light chain in grey and heavy chain in 
blue. Intra-Aβ hydrogen bonding, shown as dashed lines, 
stabilizes the helical conformation of the peptide. Image 
taken from ref. 428. 

 
 
 
 
 
 
 
 

This murine antibody was the precursor of the humanized N-terminal-specific mAb 
Bapineuzumab, which was tested in phase I, II and III clinical trials [318, 320]. However, the 
continuation of new clinical trials was interrupted in 2012. 
 
Solanezumab 

In 2001, DeMattos and colleagues tested in transgenic mice an antibody directed to the mid-
region Aβ, targeting the central, oligomer-nucleation core in a very similar manner as 
Crenezumab [324]. The structures show that key interactions between Aβ residues and 
Solanezumab are mediated by Aβ Lys16, Phe19, Phe20 and Asp23 sidechains, and main-chain 
elements across the Aβ backbone. Aβ residues 16–18 form an extended coil conformation nested 
into the CDRs´trench, meanwhile residues C-terminal following the Phe19-Phe20 core, project 
out of the antibody forming a helical conformation from residue Ala21 to Ser26 (Figure 125). 

 

 
Figure 1.25. Structure of the mid-region (15-26) of the Aβ peptide bound to Solanezumab Fab CDRs. Solanezumab is 
shown as a transparent surface, light blue (light chain) and darker blue (heavy chain). A. Two models of the peptide in 
the asymmetric unit of the crystal are shown in green and yellow sticks. B. Helical conformation adopted by C-terminal 
Aβ residues at the nested Phe19-Phe20 dipeptide. The view was taken 90 degrees’ rotation about the Y-axis from that 
shown in panel A. Images taken from ref. 324. PDB ID: 4XXD. 
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It preferentially recognized soluble Aβ and reported lowered brain Aβ burden and increased Aβ 
levels in plasma in mice, suggesting that the antibody could enhance clearance from brain to 
blood and significant cognitive improvement after only one injection [321, 334]. Solanezumab was 
the humanized version of m266, property of Eli Lilly & Co. and was already tested in different 
phase I, II and III clinical trials [322]. Nowadays, there still are two phase III clinical trials ongoing 
and finishing in 2020 and 2021. 
 
Crenezumab 

Genentech’s Crenezumab (also known as MABT510A) is a humanized monoclonal antibody 
recognizing multiple forms of aggregated Aβ, including oligomeric and fibrillar species and 
amyloid plaques with high affinity, in addition to monomeric Aβ, but with lower affinity. 
Crenezumab´s epitope comprises residues 13 to 24 of the Aβ peptide. The complementarity 
determining regions (CDRs) of Crenezumab show a short H3 loop of 3 residues and a long L1 
loop of 16 residues, creating a deep paratope channel where the Aβ peptide is buried. 
Crenezumab recognizes a consecutive stretch of twelve Aβ(11–25) peptide residues in an 
extended conformation including His13Aβ–Val24 Aβ residues which adopt a well-defined and 
nested structure. The flanking residues on the N- and C-termini of the peptide are disordered 
[430]. This form of interaction makes Crenezumab the only antibody until date that targets the 
mid-region of Aβ peptide, binding multiple aggregated forms and exerts dissociating effects 
(Figure 1.26). 

 
Figure 1.26. The structure of Aβ(11–25) embraced by 
Crenezumab CDR´s. Fab heavy chain is shown in blue and 
the light chain in yellow. Aβ peptide is shown in ribbon and 
sticks. Carbon atoms of Aβ peptide are in magenta. The N- 
and C-termini of Aβ peptide are disordered in structures as 
indicated by dots. The Aβ residues are labeled. Green mesh 
shows the 2Fo-Fc electron density map (contoured at 
1xRMSD) corresponding to the Aβ peptide. Image taken from 
ref. 430. 

 
 
 
 

 
Interestingly, the characteristics of such antibody binding structure seem to not only impede Aβ 
aggregation but also promote disaggregation in two ways. First, the antibody occludes part of the 
Aβ “hydrophobic core” (Leu17Aβ–Ala21), suspect to be responsible for self-association and 
oligomerization. And second, because the hairpin turn is disrupted. 
This humanized antibody uses an IgG4 backbone for a reduced effector function on microglia, 
trying to stimulate amyloid phagocytosis while limiting release of inflammatory cytokines in order 
to avoid some side effects such as vasogenic edema. The antibody passed several phase I and 
II clinical trials and there is a phase III currently ongoing and finishing in 2021 [323] 
 
BAN2401 

BAN2401, property of Eisai Co., is a humanized IgG1 monoclonal antibody specifically directed 
against large, soluble Aβ protofibrils [335]. The objective is to lead to Aβ clearance and/or 
neutralize its toxicity. This antibody was originally developed at the BioArctic Neuroscience 
company from the discovery of the “Arctic” mutation in APP gene, which leads to an accumulation 
of high levels of Aβ protofibrils [325]. Afterwards, BAN2401 was licensed by Eisai, which from 
2014 set a collaboration agreement with Biogen Idec for testing this antibody in immunotherapy 
of AD [336]. BAN2401 was reported to be well-tolerated at all doses in a multicenter phase I trial 
and in another phase II trial ended in 2018 (Study 201) it reported statistically significant slowing 
of disease progression at the end of 18 months as compared to a placebo, as presented at the 
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2018 Alzheimer´s Association International Conference in Chicago the July, 25th. The study will 
be subject of further investigation. 
 
GSK933776 

GSK933776, property of GlaxoSmithKline (GSK), is a humanized mouse IgG1 monoclonal 
antibody that binds the N-terminus of the Aβ peptide [333]. Its Fc region was engineered for 
reducing Fc-receptor binding and complement activation; trying to minimize risk of side effects 
such as ARIA. There were conducted several phase I and phase II trials, however, it was 
discontinued after failing in the main clinical outcomes in 2014 for treating AD [326, 327]. 
 
Ponezumab 

Ponezumab (also called PF-04360365) is a passive immunotherapy drug developed by Rinat 
Neuroscience and now both property of Pfizer. It is a humanized IgG2δA monoclonal antibody 
that directed against the free C-terminal amino acids 33-40 of the Aβ(1-40) peptide. It forms a 
complex grasping the highly hydrophobic region (30-AIIGLMVGGVV-40) in an extended coil 
conformation (Figure 1.27) [328, 328]. 
 

 
Figure 1.27. Ponezumab complex 
structure and binding interactions 
with Aβ peptide. A. General 
representation of Ponezumab Fab 
chains (light chain in light brown and 
heavy chain in red) bound to the last 
11 C-terminal residues of Aβ(1-40) 
peptide (labelled in blue). B. In detail 
Ponezumab variable domain binding 
site structure conforms a nest for the 
Aβ peptide. C. Close-up view of the 
buried Aβ final Val40 residue´s 
carboxylic acid´s charge interaction 
with heavy chains R50, K58, Y33, 
and Y96. Images taken from ref. 328. 

 
 
 
 

 
Ponezumab's safety and pharmacokinetics were confirmed in five Phase I trials and in the two 
phase II trials performed with this antibody for AD therapy concluded in 2011 confirming adequate 
safety and showed a plasma Aβ(1-40) increase with treatment, suggesting a peripheral sink 
effect. On the other hand, in a second trial with mild to moderate AD 36 patients, there were not 
found any changes on brain or CSF Aβ burden. In consequence, Ponezumab development and 
testing for AD was discontinued.  
 
1.2.2.2.2.2.2. Autoantibodies 
The basis behind this type of fully human monoclonal antibodies relies in healthy donors' immune 
systems that successfully have resisted AD. The antibodies could be turned into therapeutics by 
a process called "reverse translational medicine." by selecting human B-cell clones triggered by 
neo-epitopes present in pathological Aβ aggregates. The screening of libraries of human memory 
B cells for reactivity against aggregated Aβ led to molecular cloning, sequencing, and 
recombinant expression. Below, a summary adapted from Alzforum database of the most 
important clinical trials registered by the FDA based on fully human antibodies (autoantibodies) 
targeting Aβ: 
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Gantenerumab 

Gantenerumab belongs to the new generation of fully human antibodies used in immunotherapy 
and is property of Chugai Pharmaceutical Co. and Hoffmann-La Roche [336]. It is an IgG1 isoform 
antibody designed to bind with subnanomolar affinity to a conformational epitope on Aβ fibrils, 
and preferentially interacts with aggregated brain Aβ, both parenchymal and vascular. 
Crystallized Fab fragments of Gantenerumab were incubated with peptide solutions of Aβ(1-11) 
and Aβ3-11. Minor differences between the two complex structures were observed and 
Gantenerumab Fab-Aβ complex structures are available at Protein Data Bank (PDB ID 3BKJ), 
showing a special Aβ binding form of Gantenerumab [324] (Figure 1.28 A).  
Bound to the antibody, Aβ(1-11) forms an extended conformation in the trench conformed by 
CDRs H1, H2, H3, and L3. All amino acids of the Aβ peptide interact with the heavy or light chain, 
with the exception of Ser8 and Gly9, which seem to form a short turn pointing away from the Fab 
fragment. The first 4 residues of Aβ(1-11) are mainly interacting with the heavy chain whereas 
residues 5 to 11 are contacting with both heavy and light chains. The side chain of Phe4 suppose 
an important anchor point for the peptide, being deeply buried in a hydrophobic complex.  
Direct binding of Gantenerumab to synthetic Aβ fibrils was also confirmed by immuno-electron 
microscopy. As previously showed, high resolution NMR solved Aβ fibrils structure has been 
determined previously demonstrating that the N-terminal and central portions of Aβ are exposed 
in close juxtaposition at the surface of the fibril [118]. 
Based on these models and the dual epitope recognition of Gantenerumab, it was proposed that 
antibody binding to fibrillar Aβ involves both N-terminal and spatially adjacent central Aβ 
sequences. According to this prediction, the flexible N-terminal sequence of Aβ would be the initial 
interaction of Gantenerumab followed by the interaction with the adjacent central Aβ part, 
conferring increased binding avidity (Figure 1.28 B). 

 
Figure 1.28. Gantenerumab solved 
structures in complex with Aβ peptide. 
A. Atomic binding mode of Aβ(1-11) 
peptide bound to Gantenerumab. The 
peptide interacts with H1 (shown in 
cyan), H2 (in blue), H3 (in purple) and 
L3 (in orange) CDR regions. B. Model 
of Gantenerumab binding to the Aβ 
fibril. The initial binding to the flexible 
free N-terminal part is followed by a 
second step involving the central 
Aβ19–26 region (highlighted in 
green). Images taken from ref. 118. 

 
 
 

The intended therapeutic mechanism for this antibody is that it should disassemble and degrade 
Aβ plaques by recruiting microglia and activating phagocytosis. It has been shown that 
Gantenerumab induces phagocytosis of human Aβ deposits in AD brain slices co-cultured with 
human macrophages. Moreover, it is able to neutralize oligomeric Aβ42-mediated inhibitory 
effects on long-term potentiation in rat brains. In APP/PS-1 transgenic mice preclinical tests, 
Gantenerumab targeted cerebral Aβ, reduced small plaques load, and prevented new plaque 
formation. On the other hand, no plasma Aβ alterations were observed [324].  
Gantenerumab passed four phase I, one phase II/II and another phase III international clinical 
trials, and it is involved in a second phase III trial together with Eli Lilly's Solanezumab, that will 
end by 2023. Moreover, recently, in March 2017, MorphoSys, Roche´s partner in the development 
of Gantenerumab, announced two new Phase 3 trials for prodromal AD in 2017. 
 
Aducanumab 

Also known as BIIB037, Aducanumab is high-affinity and, as Gantenerumab, belongs to the new 
generation of fully human IgG1 monoclonal antibodies [331]. It was originally isolated by the 
Neurimmune company in Switzerland, from healthy, aged donors who were cognitively normal. 

A	 B	
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Aducanumab recognizes aggregated forms of Aβ, and in brain, preferentially binds parenchymal 
over vascular Aβ [529].  
Crystal structure of a recombinant Fab fragment of Aducanumab in complex with Aβ(1-11) peptide 
confirmed that the antibody recognizes N-terminus of Aβ in an extended coil conformation similar 
to other antibodies such as 22C11. Although residues from Glu3 to His6 make contact with the 
antibody, it binds primarily and bury deep in the CDRs groove the Phe4 and His6 of Aβ. In 
comparison with other anti-N-terminal Aβ antibodies, Aducanumab has an exceptionally compact 
epitope, which may contribute to its high specificity and avidity for Aβ oligomers and fibrils. 
In the preclinical tests, a thirteen-week chronic dosing in old transgenics mice reduced plaques 
of all sizes while vascular Aβ levels were unaltered and in in summer 2012, Biogen Idec initiated 
the clinical trials. Main outcomes were fulfilled and Aducanumab is currently being tested in two 
phase III clinical trials which will end by 2022 and that have already reported significant reductions 
in brain Aβ in a dose- and time-dependent manner [329]. 
 
Conclusions  

All these antibodies have different mechanisms of action defined by their epitopes and the way 
they interact with the antigen. Epitope´s spatial conformation, aggregation kinetics and, therefore, 
the therapeutic effect are influenced by the antibody binding. It has also been observed that N-
terminal antibodies bind primarily aggregates, which could be related to the higher exposure of 
Aβ’s N-terminus in aggregated and plaque-deposited forms [97, 271, 328]. If these mechanisms 
actually work this way, the atom-by-atom interaction between antibodies and Aβ might influence 
the outcome of therapeutic trials.  
Both mid-region binding Solanezumab and Crenezumab antibodies had common major negative 
results, but sub-group and post-hoc analyses uncovered some benefits in patients with mild AD. 
Moreover, both produced low rates of amyloid-related imaging abnormalities with brain edema 
(ARIA-E). These similarities could be due to Solanezumab did not bind plaques deposited in the 
brain, it avoids to trigger the microglia-related inflammation. On the other hand, Crenezumab 
binds aggregated Aβ in addition to monomer, which would suggest that it might triggers more 
ARIA-E, but whereas Solanezumab is an IgG1 antibody, Crenezumab’s IgG4 backbone lower 
reactivity would provide an explanation for the lower ARIA-E observed in Crenezumab treatments. 
 

 
Furthermore, outcomes from N-terminal antibodies-based trials also share some similarities. 
Bapineuzumab, Gantenerumab, and Aducanumab all reduced amyloid burden and triggered 
ARIA-E, reinforcing with the idea that mobilizing plaque-bound Aβ activates microglia. High ARIA-
E among lack of cognitive of a Bapineuzumab trial in 2012 failed because of lack of a cognitive 
benefit in a phase III trial. On the other hand, data from the last clinical trials with Aducanumab 
confirmed that it nearly eliminated brain amyloid among signs of evident cognitive recover. Which 
could be the reason for these differences? May it be related to the fact of Aβ adopts extended 
conformations when bound to Aducanumab and Gantenerumab instead the the helical structures 
at Bapineuzumab? Moreover, Aducanumab is an autoantibody, isolated from natural Aβ-specific 
antibodies formed in humans. This could help this antibody to recognize an Aβ conformation that 

Table 1.10. Summary of the general epitope and recognized structures of some of the most important 
passive immunotherapeutic drugs tested in clinical trials for AD targeting Aβ 

Antibody Epitope Epitope 
structure 

Conformation recognized 
ARIA-E Monomers Oligomers Protofibrils Fibrils 

Solanezumab 16-26 Helix-βcoil Yes    Low 

Crenezumab 16-26 Helix-βcoil Yes Yes  Yes Low 

Bapineuzumab 1-7 Helix Yes   Yes High 

Gantenerumab 1-11 Linear  Yes  Yes Low 

Aducanumab 3-6 Linear No   Yes High 

BAN2401 N-terminal Conformational   Yes  Low 
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naturally exists in the human brain and has clinical relevance, while Bapineuzumab and 
Gantenerumab immunogens were synthetic and phage-displayed peptides, respectively [97, 271, 
328, 529] (Table 1.10).  
Although we count with a wide published collection of antibody-Aβ structures, it is still unclear if 
targeting monomeric, oligomeric, or fibrillar forms of Aβ is the adequate strategy for treating AD 
or which molecular interactions are the ones we must explore. Except for very punctual 
successes, there are several issues still remaining that are hindering the obtaining of robust 
positive results in the clinical trials. Those issues are also related to BBB crossing, the difficult 
early detection of the disease for improving treatment effectiveness and the poorly known 
clearance of immune complexes mechanisms. [273, 329, 323, 324, 326, 331]. 
 
1.2.2.2.2.2.3. IVIg 
Another strategy assayed in passive immunization trials are the intravenous immunoglobulins 
(IVIg) in AD. This approach is based in using pooled antibodies (IVIg) obtained from a donor 
cohort against the antigen of interest. In a number of autoimmune neurological disorders, IVIg are 
used as immunosuppressants without major side effects. 
However, during the last years, different trials including Octapharma´s phase II [35] and phase III 
Gammagard trials in mild-moderate AD patients [36] showed no significant slowing of AD 
progression. After Gammagard clinical results, another attempt for using IVIg for treating AD was 
started using Gamunex. This is an immunoglobulin preparation used in obstetric to prevent and 
treat blood conditions related to rhesus factor incompatibility. The primary trial was pretended to 
finish in December 2017 according to FDA data, but no results have been published until now 
(Table 1.11). 

 
Table 1.11. Summarized IVIg immunotherapy clinical trials performed until date (adapted from 
www.alzforum.com) 
Name Synonyms FDA Status Company Target Type Therapy Type 

Gammagard® 
Intravenous 
Immunoglobulin, 
IVIg 

AD 
(Discontinued) 

Baxter 
Healthcare  

Amyloid-
Related, 
Inflammation 

Immunotherapy 
(passive) 

Octagram® 
10% 

Intravenous 
Immunoglobulin, 
NewGam  

AD (Inactive)  
Mild Cognitive 
Impairment 

Octapharma 
 

Amyloid-
Related, 
Inflammation 

Immunotherapy 
(passive) 

Gamunex  

Intravenous 
Immunoglobulin. 
Human albumin 
combined with 
Flebogamma 

AD 
(Phase 2/3) 
 

Grifols 
Biologicals 
Inc. 

Amyloid-
Related, 
Inflammation 

Immunotherapy 
(passive) 

 
 
1.2.2.3. Tau-targeted immunotherapies 
As previously exposed, immunotherapy has emerged in the last years as one of the most 
promising therapeutic strategy for AD, whether targeting Aβ or tau. Both active and passive 
vaccinations have showed to reduce tau pathology and even improve cognitive and functional 
performance of transgenic mice in behavioral tests (Table 1.12). The mechanisms of action of 
the tau-specific antibodies tested in these immunotherapies are still not very clear. When 
antibodies enter the CNS, in order to reach intraneuronal tau, they may enter neurons via clathrin-
mediated endocytosis following binding to low-affinity FcγII or FcγIII receptors on neurons [400] 
or through other mechanisms [401]. Then, tau-specific antibodies may interact with intracellular 
tau and inhibit its aggregation. In fact, it has been demonstrated that a cis tau-specific antibody 
entered neurons through Fcγ receptors and prevent tauopathy development and spread in mice 
following traumatic brain injury [402]. However, some tau-specific antibodies could elicit their 
therapeutic effects by interacting with extracellular antigens, even without entering cells, capturing 
extracellular tau seeds and in that way prevent the seeding and trans-cellular propagation of tau 
pathology in transgenic mice [403, 404, 405]. 
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1.2.2.3.1. Pre-clinical trials 
Pre-clinical immunotherapeutic published studies have put emphasis targeting 
phosphosphorylated tau in residues S202, T205, S212, S214, S231, S396, S404, S422 and 
S424, modifications that have been found related to aggregated tau, and in PHF formation. Some 
of these studies, including both active and passive approaches, are summarized in Table 1.12. 
Outcomes from these studies have demonstrated that tau immunotherapy can not only reduce 
tau pathology, but also help to lead to cognitive and functional improvements in mice. 
For example, previous active vaccinations targeting pS422 tau reported lower insoluble pS422 
tau levels and improvements in cognitive performance in Thy-tau22 transgenic model [391]. In 
the case of passive immunotherapeutic approaches, after peripheral administrations of an anti-
tau/pS422 antibodies in another triple transgenic mouse model, Collin et al. (2014) reported 
reductions of pathologic tau accumulation. Besides, it was observed that the antibody entered 
neurons, where it was supposed to exert its function at the lysosomes (Table 1.12) [396]. 

 
Table 1.12. Active and passive pre-clinical immunotherapeutic assays targeting tau pathology (adapted 
from ref 399). 
Active immunotherapy approach Outcome Reference 

Tau 379-408 (pS396/pS404) Tau pathology reduced, cognitive improvements [387] 

Tau 393-408 (pS396/pS404) Tau pathology reduced [388] 

Tau 395-406 (pS396/pS404) Tau pathology reduced, functional improvements [389] 

Tau 195-231 (pS202/pT205), Tau 207-
220 (pS212/pS214), Tau 224-238 (pS231) Tau pathology reduced [390] 

Tau (pS422) Tau pathology reduced [391] 

Tau 395-406 (pS396/pS404) Tau pathology reduced [388] 

PHF-tau Tau pathology reduced [393] 

Passive immunotherapy approach   

PHF1 Tau pathology reduced, functional improvements [392] 

PHF1 and MC1 Tau pathology reduced [394] 

DA31, MC31 and PHF1 Tau pathology reduced [395] 

MAb86 (anti-Tau/pS422) Tau pathology reduced [396] 

Anti-tau Tau pathology reduced, cognitive improvements [297] 

Anti-tau oligomers Tau pathology reduced, cognitive improvements, 
functional improvements [398] 
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1.2.2.3.2. Tau clinical trials 
Many different approaches for treating tauopathies are currently being explored, but few 
compounds have already reached clinical development. Among them, two active 
immunotherapeutic compounds and four passive ones (Table 1.13). 

 
Table 1.13. Summary of the immunotherapeutic clinical trials performed targeting tau pathology (adapted 
from www.alzforum.com). 

Name Synonyms FDA Status Company Therapy Type 

ADDvac-1 Axon peptide 108 
conjugated to KLH AD (Phase 2) Axon Neuroscience Immunotherapy 

(active) 

ACI-35  AD (Phase 1) AC Immune SA 
Jansen 

Immunotherapy 
(active) 

BIIB092  BMS-986168, 
IPN007 

Progressive Supranuclear Palsy 
(Phase 2), AD (Phase 2) 

Biogen, Bristol-Myers 
Squibb 

Immunotherapy 
(passive) 

C2N 8E12 ABBV-8E12 Progressive Supranuclear Palsy 
(Phase 1), AD (Phase 2) 

AbbVie, C2N 
Diagnostics, LLC 

Immunotherapy 
(passive) 

RG7345 
RO6926496 
(Mab86) 

AD (Discontinued) Roche Immunotherapy 
(passive) 

RO 7105705 RG 6100 AD (Phase 2) 
AC Immune SA, 
Genentech, 
Hoffmann-La Roche 

Immunotherapy 
(passive) 

 
 
1.2.2.3.2.1. Active tau immunotherapy 
AADvac-1  

The AADvac-1 compound consists in a vaccine composed by a synthetic peptide derived from 
amino acids 294 to 305 of the tau sequence (KDNIKHVPGGGS). In 2014 there were reported 
safety outcomes and tau pathology reduction among improvements in sensorimotor function in 
transgenic rats [409]. Later on, in 2015, there was confirmed that ADDvac-1 was safe, well-
tolerated and that the vaccine induced increased antibody productions lead by repeated injections 
including stable ADAS-cog scores over six months. In March 2016, a phase I trial in mild to 
moderate AD patients began and will finish in 2019. 
 
ACI-35  

ACI-35 is a liposome-based vaccine containing 16 copies of a synthetic tau fragment 
phosphorylated at residues S396 and S404 anchored to the lipid bilayer. In both wild-type 
C57BL/6 and P301L mutant tau transgenic mice treatment rapidly generated high titers of 
polyclonal IgG antibodies specifically directed against phosphorylated tau. ACI-35 also improved 
increased retention of body weight, delayed onset of a clasping motor phenotype, and extended 
lifespan. The study also reported negative tests for gliosis, T cell activation, and several 
inflammatory markers [410]. Similar data in non-human primates were presented at the 2013, 
which lead to the first human trial, registered in May 2015 and that is ongoing at sites in Finland 
and the UK. 
 
1.2.2.3.2.2. Passive tau immunotherapy 
BIIB092  

BIIB092 drug is a humanized IgG4 monoclonal anti-tau antibody originally developed by iPierian 
company. It targets extracellular, N-terminally fragmented forms of tau (eTau). The antibody 
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reportedly neutralized toxicity of eTau in mouse models of frontotemporal dementia and confirmed 
safety parameters for up to eight months after administration of BIIB092. In 2015, a multiple 
ascending-dose phase I trial in 48 patients with PSP reported results confirmed safety, well-
toleration and a dose-dependent accumulation in serum and CSF of the antibody, among 
reduction of free eTau in CSF. In February 2018 Biogen started a phase 2 trial in AD patients with 
mild cognitive impairment which will run through 2020. 
 
C2N 8E12  

C2N 8E12 is a humanized antibody developed by C2N Diagnostics and AbbVie to treat 
tauopathies. It binds to aggregated, extracellular forms of pathological tau, so 8E12 mechanism 
of action requires no uptake into neurons. The mouse version of this antibody reportedly reduced 
brain neurofibrillary pathology, insoluble tau, microgliosis, brain atrophy, and deficits in the 
conditioned fear response in P301S tau-transgenic mice [406, 407]. In 2016 it was confirmed 
safely repeated dosage and, in the same year, it was launched a phase II trial for AD to compare 
three doses of 8E12 infused over a period of two years to placebo. The trial is intended to be 
running until October 2020. 
 
RG7345 

RG7345 is a humanized monoclonal antibody that targets phospho-tau pS422. In January 2015, 
Roche started a phase I, single-ascending-dose study treating 48 healthy young men for 
assessing the safety and pharmacokinetic measures of six different intravenous doses. In 
October 2015 Roche discontinued the antibody for treatment. 
 
RO 7105705 

RO 7105705 is an anti-tau antibody that preferably targets extracellular tau, developed by AC 
Immune and Genentech. The aim was to explore antibodies with reduced effector function in an 
effort to limit microglial activation leading to inflammatory responses [554]. RO 7105705 binds the 
N-terminus of all six isoforms of human tau, both monomeric and oligomeric, regardless of 
phosphorylation status. After a phase I trial, in 2017, Genentech reported safe single doses up to 
16,800 mg. In October 2017 started a phase II study in people with prodromal or probable AD 
and mild symptoms that would finish in 2022. 
For further information, check www.clinicaltrials.gov and www.alzforum.com.  
 
1.2.2.4. Novel immunotherapeutic approaches 
Since neurodegenerative diseases attack the CNS, the BBB implies a serious hindrance for the 
diagnosis and treatment of such diseases. The ability of some nanoparticles (NPs) to cross the 
BBB provides alternative ways for targeting and drug delivery to the CNS [457]. “Theranosis” 
(combination of the two greek-origin words “therapy” and “diagnosis”) was proposed few years 
ago as a term to describe systems that can work as imaging and therapeutic agents 
simultaneously. Therapy and diagnosis are two major categories in the clinical treatment of 
disease AD, which as previously sorted, supposes huge economic load to the most developed 
countries. Several types of nanoparticles are currently being tested for their potential to target 
AD-related pathologies and for developing more effective and efficient diagnostic and therapeutic 
systems. 
NPs are considered as one of the most promising alternative to traditional approaches due to 
their multiple advantages and versatility [458]. For example, NPs can be easily loaded one or 
more type of imaging or therapeutic agents, making them multifunctional nanoplatforms for 
multipurpose approaches. As NPs can be synthetized with different sizes and functionalization 
ways, so they can accommodate large amounts of imaging compounds. Moreover, 
functionalization with molecules making specific target or modifying their physicochemical 
properties (size, shape, hydrophobicity, surface charge, etc.) can allow NPs to attack specifically 
certain types of cells or tissues. In fact, it has been observed that multifunctionalized NPs own 
higher target binding capability and specificity than “simple functionalized” NPs [460]. 
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Functionalization and surface modification of NPs can also significantly reduce the opsonisation 
probability and improve their peripheral circulation time [461]. Several and diverse types of 
organic (polymers, proteins, lipids, polysaccharides, etc.) or inorganic (iron, gold, silica, etc.) NPs 
have been developed until date, and some of them are currently under clinical or preclinical 
evaluation, or even in the market, for delivery of imaging agents and/or drugs (Table 1.14) [462, 
463, 481]. 

 

 
In most cases a prerequisite to address pathologies like AD is the crossing of the BBB, 
nevertheless, some research approaches have been designed to not need that BBB passing, 
based on the the so-called “sink effect” theory [466, 459]. However, recently some 
nanoparticulate systems with high affinity for Aβ peptides have been developed and tested 
reporting promising in vivo results and also demonstrating that the therapeutic efficacy of the 
immunoliposome-based treatment was superior to free monoclonal antibody administration 
(part of this thesis) [468, 469, 470]. 
Other approaches include the controlled disruption or “opening” of the BBB; however, the 
toxicity related issues can be severe. Also the use of ultrasounds for disrupting the Aβ 
plaques, facilitating the diffusion out of the brain and the uptake by microglia have been 
tested in vivo and reported memory recovering [467]. 

Table 1.14. Different types of NPs used in diagnostics and therapy (adapted from ref. 459) 

Type  Advantages  Disadvantages  

Organic Nanoparticles  

Polymeric NPs, micelles, 
biological NPs 

- Good loading for lipophilic agents 
- Homogeneity 
- Biological synthesis 
- Biodegradable and biocompatible 

- Difficult loading of hydrophilic 
molecules 
- Toxicity 
- Slow biodegradability  
- Difficult modification and 
handling 

Solid Lipid NP (SLN), 
Liposomes  

- Small uniform size 
- Easy loading of lipophilic molecules 
- Easy scale-up of production 
- FDA approved carriers 
- Easy surface modification 

- High content of surfactants 
- Possible toxicity/biocompatibility 
problems 
- Problem to load hydrophilic 
molecules 
- Poor in vivo stability 
- Limited sustained release 
potential 

Dendrimers  
- High loading capacity 
- Controllable and uniform size and 

chemical composition 

- Limited synthetic possibilities 
- Toxicity issues 

Inorganic NPs 

Iron NPs  
- Clinically available contrast agent for MRI 
- Biocompatible 
- Controllable size, shape and properties 

- Poor aqueous stability 

Gold NPs  

- Optical quenching capability 
- Controllable size and shape 
- Easy surface modification 
- Biocompatible 

- Poor aqueous stability 

Quantum Dots  
- Very good imaging properties 
- High S/N 
- In vivo longevity;  

- Cytotoxicity 
- Questionable biocompatibility 
and clearance 

Carbon-based NPs  

- Structural rigidity 
- Mechanical properties 
- Good electrical properties 
 

- Potential toxicity 

Silica NPs  
- Biocompatible 
- High loading capacity 

- Mechanical stability 
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2. Objectives 
 
2.1. General objective 
As already presented, immunotherapy is one of the most promising therapeutic approaches 
for some of the most important diseases nowadays. The importance of developing new tools 
or approaches to address such problems is something quite interesting and attractive, both 
ethically and economically, meaning a US$ billion-size global market nowadays with a 
predicted high growing rate.  
In this regard, merging the industrial and the scientific interest, we are trying to address the 
diagnostic and passive immunotherapeutic approach of AD developing and characterizing 
new antibodies against Aβ and tau protein in a hybrid academic-industrial environment. 
 
2.2. Specific objectives 
To develop two new diagnosis and therapy-directed antibodies against post-transcriptionally 
modified tau protein. The antibodies must specifically bind tau proteins wearing post-
transcriptional modifications that have been shown to be related to AD pathology 
development. One of the antibodies should specifically recognize acetylated tau protein and 
a second one recognizing phosphorylated tau protein.  
To set up a laboratory and the necessary protocols for lab-scale hybridoma culturing and 
antibody production and purification. The main aim of this objective is to stabilize antibody 
production for commercial purposes, but also for fulfilling the thesis´ research needs. 
To characterize the main biochemical properties and to map the epitope of the previously 
developed anti-Aβ STAB-Mab, and the derived mini-antibodies (Minibody 1 and Minibody 2), 
for better understanding of the mechanisms of action behind such antibodies. 
To test the therapeutic efficacy of the anti-Aβ STAB-Mab in APP/PS1 transgenic AD mouse 
model. Diverse immunotherapeutic approaches should be addressed taking advantage of 
the pre-existing collaborations with STAB-VIDA result of the previous grant from the NAD 
Project. 
To test the therapeutic efficacy of the derived Minibody 2 in APP/PS1 transgenic AD mouse 
model. The effect of the peritoneal administration of free Minibody 2 should be investigated 
to unveil if its modifications actually improve its efficacy against AD development. 
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3. Anti-Aβ Monoclonal Antibodies Production, 
Characterization and in vivo Assays 

 
3.1. Anti-Aβ STAB-Mab production 
The STAB-Mab is a full IgG1 murine monoclonal antibody previously generated by hybridoma 
technology within the Nanoparticles For Therapy And Diagnosis Of Alzheimer Disease (NAD) 
European FP7 funded project (212043 FP7-NMP) [511]. The NAD project was intended to use 
NPs specifically engineered for targeting of Aβ, for the diagnosis and therapy of AD by: (i) seeking 
an interaction with the different pools and forms of Aβ (monomers, oligomers, plaques). The 
interaction with soluble extracellular Aβ could inhibit its oligomerization, thus preventing 
amyloidogenesis and plaque formation. The interaction with aggregates, plaques included, could 
achieve their disaggregation in vitro and reduce toxicity in vitro. (ii) functionalization of NPs to 
cross the BBB. (iii) functionalization with MRI and PET contrast agents of NPs crossing the BBB 
and carrying Aβ ligands. (iv) seeking an interaction with Aβ circulating in the blood. NPs could 
interact with Aβ in the bloodstream, withdrawing the peptide from the brain through the “sink 
effect”. 
The STAB-Mab object of part of this thesis was raised against Aβ, one of the main proteins that 
accumulates related to AD. The Previous published works to this thesis already confirmed sub-
nanomolar affinities for this antibody and its capability for recognizing different types of 
aggregated species in a variety of samples and using several techniques [511]. Nanoliposomes 
functionalized with STAB-Mab were also shown to inhibit Aβ aggregation and reduce cytotoxicity 
in in vitro cultures [513, 539]. Moreover, two chimeric Minibodies were synthesized using the 
STAB-Mab Fabs and partial human FCS in order to try to reduce its molecular weight, reduce 
immunogenic reaction in humans and increase the BBB transport trough FcRn receptor (FCGRT).  
From such point, we focused on continuing with the works previously performed within the NAD 
project. We characterized the STAB-Mab using a number of techniques, from ELISA to TEM and 
mapped its epitope by MALDI and NMR. We further compared the performance of the chimeric 
Minibodies with the STAB-Mab by ELISA and Western Blot (WB). In addition, two in vivo studies 
were completed in 2016 [468] (part of this thesis) and 2017 [470] confirming the capability of 
different STAB-Mab-functionalized liposomes and nanoparticles to reverse biochemical effects 
and restore the deleterious effect of AD in mice memory.  
 
3.1.1. Sub cloning and selection of best clones 
Initially, the hybridoma was cultured in monolayers in standard vented and non-treated flasks 
using DMEM media. Purification was performed by protein precipitation and posterior G-protein 
affinity chromatography, manually operated. In order to improve antibody production yields and 
hybridoma growth in our new media and conditions, we decided to subclone the original 
hybridoma clone, named 9E8 1A3 1H8. Traditional limiting dilution method was used for isolating 
and test individual clones of the original cell line. After two subclonings, a first one where we did 
not obtain any good producing clone, we isolated a clone (9E8 1A3 1H8 2F9) with slightly better 
performance. 
The media was also reformulated to increase the production yield, optimise the operation time, 
increase supernatant volumes and to accommodate to automated purification by protein G 
chromatography with GE HiTrap Protein G 1 mL columns operated by an AKTA Prime system. 
The use of Glutamax DMEM from Gibco was decided to reduce risks on glutamine degradation 
when culturing cells in bioreactors where medium is changed only once a week or so. The addition 
of 2-mercaptoethanol was intended to reduce the oxidation risk of the antibodies produced and 
secreted to medium (Table 6.1). 
Binding buffers for protein G chromatography were also slightly modified from manufacturer´s 
instructions. The lower pH of the elution buffer (2.7 to 2.5) helped to recover more protein from 
the column, because we detected important losses in such step. Binding and elution buffers were 
freshly prepared and filtered through 0.45 µm filters each purification, and so the equilibration 
buffer pH was optimized each day for neutralizing the lower pH of the eluted fractions and keep 
it around physiological levels. 
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3.1.2. In-lab production tests 
As previously indicated, due to poor antibody production yields, the old hybridoma was subcloned 
and tested for better antibody production. Results represented below confirmed small but 
noticeable yields in the 4 producing platforms used, traditional Corning T150 flasks, Corning 
Hyperflask, Wheaton CELLine Biorreactor and Sarstedt Miniperm Biorreactor, although none of 
the clones performed well in terms of antibody production when growing in high density 
suspension cultures (Figure 3.1).  
 

Figure 3.1. STAB-MAb production in µg/mL. It is represented the concentration of antibody in the crude supernatant and 
the final purified antibody respect to the total volume of fresh supernatant. It was observed that the new subclone (9E8 
1A3 1H8 2F9) produce about double amount of Mab than the old clone (9E8 1A3 1H8) when using almost any of the 
producing platforms. 

 
Monoclonal antibodies stability is something important to be assessed due to its common 
analytical use can be extended for months or even years. Also the production of large batches 
sometimes is technically difficult and implies the storage of the antibodies for medium-large term. 
The generally recommended storage temperature is -20ºC, but if the storage time will be long, 
maybe -80ºC would be a more secure location. On the other hand, if the antibody is repeatedly 
used, thaw-freeze cycles must be avoided due to the known negative effect in the stability and 
aggregation of most proteins, so the most adequate option is to store the antibody aliquots at 4ºC. 
For this reason, we believed important to assess the STAB-Mab stability under these three 
temperatures during 6 months checking the hypothetical monthly variations in the ELISA´s 
intensity signal of each batch each month, using synthetic Aβ(1-42) peptide. The conditions of 
the ELISA are the standard ones described in Material and Methods section, using a 
concentration of 0.05 µg/mL for both STAB-Mab and the synthetic Aβ(1-42) peptide for the plate 
coating (Figure 3.2). 
 

Figure 3.2. Bars graphic representing the ELISA results of the monthly assay for testing the functionality of the antibody. 
Concentrations for the synthetic Aβ(1-42) peptide coating and STAB-Mab: 0.05 µg/mL. 

 
The cell culture doubling time is defined as the time it takes a population to double the number of 
cells. Although cells can grow at different rates at each of the different phases of the growth cycle, 
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the calculation of doubling time may integrate data of growth during more than one of these 
phases. Moreover, it is also known that growth during exponential log phase is fairly constant, so 
it can be taken as a reference.  The calculation for our new clone was one of the aspects we 
wanted to check, so the new clone was tested in the different flasks and bioreactors and the cell 
doubling time was calculated. 
It was observed that cell doubling times were reduced for the new subclone in comparison with 
the clone of origin when growing in almost all the culturing platforms but, as expected, the 
differences were not dramatic and the way we handled the cells was not affected (Figure 3.3). 
 

Figure 3.3. Cell doubling times: for the starting clone (9E8 1A3 1H8) and for the new subclone (9E8 1A3 1H8 2F9), 
considering time points 24 and 48 hours after starting cultures for four culture platforms: Corning T150 flasks, Corning 
Hyperflask solution, Wheaton CELLine bioreactor and Sarstedt Miniperm bioreactor. The new subclone showed slightly 
lower doubling times for almost all the platforms tested. 

 
3.2. Characterization of anti-Aβ antibodies 
3.2.1. Anti-Aβ STAB-Mab characterization 
3.2.1.1. Western Blot 
WB analysis showed that STAB-Mab and 6E10 (a gold-standard murine antibody that binds the 
N-terminal region of the Aβ peptide) can detect Aβ in monomeric as well as in oligomeric forms. 
Indeed, both antibodies exhibited similar band profiles for human Aβ monomers and oligomers. 
Moreover, we tested the ability of anti-Aβ antibody and 6E10 to detect APP as well as Aβ 
monomers and oligomers on mouse brain extract (Figure 3.4). 
None of the antibodies recognized any peptides sufficiently well from the brain of WT mice, 
whereas from transgenic mouse brain extracts both antibodies showed similar bands pattern. 
However, the signal strength was higher in older mice (16 months-old) and when using anti-Aβ 
antibody (Figure 3.4). 
 

 
Figure 3.4. WB analysis confirmed that both STAB-Mab and 6E10 antibodies interact with human Aβ monomer and 
oligomers. (A) However, STAB-Mab antibody further showed affinity towards mouse Aβ(1-42) monomer and oligomers, 
and to a lesser extent for Aβ(1-40) monomer. In addition, STAB-Mab antibody further detected a ~100 kDa Mw band 
protein in brain extracts of transgenic mice (6 and 15 month-old) which presumably correspond to full-length APP. WB of 
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antibody reactivity with brain extracts from 6 to 15 month-old transgenic (TG) APP/PS1 and wild-type (WT) mice. (B) WB 
of STAB-Mab antibody and 6E10 binding to human and mouse Aβ synthetic peptides confirmed that, meanwhile STAB-
Mab is capable to bind both human and rodent sequences, specially in the case of Aβ(1-42), 6E10 is more specific for 
the human peptide. We also confirmed that both antibodies can bind different sizes of oligomeric species. A/B: 
acrylamide/bisacrylamide gel; Lanes: 1: human Aβ(1-40); 2: human Aβ(1-42); 3: human Aβ(1-43); 4: mouse Aβ(1-40); 5: 
mouse Aβ(1-42). 

 
For confirming if the anti-Aβ STAB-Mab antibody was specific for Aβ or, on the other hand, and 
due to its flexibility for recognizing different Aβ lengths and species, was also capable of binding 
APP. In this regard, STAB-Mab antibody was compared with 4G8 and Y188 in a WB of two lysates 
of N2A cell cultures, one WT (endogenous APP) and another transfected with a plasmid encoding 
an APP human allele (overexpressed APP). 4G8 is a gold standard antibody commonly used in 
post mortem diagnosis of AD that targets the C-terminal region of Aβ, meanwhile Y188 is one of 
the most used antibodies for specifically targeting APP.  
N2A (Neuro-2a, ATCC® CCL-131™) is a murine cell line used for studying the mechanisms of 
vinblastine precipitation of microtubular protein, the kinetics of GTP binding to isolated protein, 
turnover of microtubules in vivo, or microtubular protein synthesis and assembly. Here, we 
transfected the cell line for overexpressing human APP gene. As expected, STAB-Mab antibody 
recognized APP mainly in the overexpressed APP lane, while the signal from 4G8 was much 
weaker and Y188 exhibited the highest sensitivity and cleaner bands than the other two (Figure 
3.5). 
 

 

Figure 3.5. WB comparing STAB-Mab with other 
commercial antibodies: (A) 4G8, (B, D) STAB-Mab and 
(C) Y188. Samples from two N2A cell cultures and from 
mouse brain lysates were separated by SDS-PAGE 
and analyzed by WB. Lane 1 contains N2A lysate with 
endogenous APP; lane 2, N2A lysate over-expressing 
APP; and lane 3, 3-months old APP/PS1 mouse brain 
lysate. STAB-Mab seems to recognize both 
endogenous N2A APP and overexpressed APP, but in 
a lesser extent than the APP-specific Y188. 4G8 
antibody delivered poor performance in this case due 
to its specificity for Aβ(1-42). 

 
 
 
 
 
 

3.2.1.2. Immunostainings 
Several immunostainings in different tissues and preparations were performed in order to prove 
the functionality of the STAB-Mab antibody and moreover, to compare with other recognized gold-
standard antibodies used in research and diagnostic.  
In collaboration with Wandosell´s Group at CBMSO (Madrid), we managed to test the 
performance of the STAB-Mab as marker for different cerebral Aβ depositions in APP/PS1 and 
WT mice. Immunostainings of 11 months-old APP/PS1 mouse comparing anti-Aβ antibody with 
several antibodies were performed. As expected, STAB-Mab antibody showed similar staining 
pattern than 6E10 and the polyclonal anti-Aβ from Cell Signaling #2454, revealing both dense 
and diffuse plaques along the hippocampus and somatosensory cortex. As expected again, in 
the WT mouse brain, neither anti-Aβ antibody nor 6E10 showed any staining due to the low 
amyloid accumulation in this genotype. The other antibodies tested targeting APP (Sigma A8717 
and Millipore MAB348) did not reported any detectable signal (Figure 3.6). 
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Anti-Amyloid Precursor Protein (H, M, R) Antibody, 
C-terminal (Rabbit Poly. Sigma A8717). 1:1000. 

1 

Beta-Amyloid Antibody (Rabbit Poly, Cell Signaling 
#2454). 1:250 

2 

STAB-MAb. Anti Beta Amyloid (H, M, R) and APP (H, 
M) (Mouse IgG1). 1 ug/mL 

5 

Anti-Alzheimer Precursor Protein 22C11, N-terminal 
(Mouse IgG1 Monocl. Millipore MAB348). 1:200 

3 

6E10, Human Beta amyloid (Mouse IgG1 Monocl. 
Covance SIG-39320). 1:1000 

4 

STAB-MAb. Anti Beta Amyloid (H, M, R) and APP 
(H, M) (Mouse IgG1). 1 ug/mL 

6 
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Figure 3.6. Staining of cryoslices of 11 months-old APP/PS1 mouse hippocampus. Blue color corresponds with nuclear 
DAPI staining while red color determines senile (amyloid) plaques. Dilutions used for each antibody were the 
recommended by the manufacturer and are indicated in each image. Polyclonal anti-mouse IgG ab conjugated with Alexa 
594 was used as secondary antibody 

 
In collaboration with Herms´ group at DZNE (Munich) we had access to several PFA-fixed brain 
samples from WT, APP KO and APP/PS1 mice lines and formalin-fixed human AD brains. 
Moreover, we had access to several microscopy techniques such as fluorescence and confocal 
microscopy. STAB-Mab was compared with 4G8, one of the gold-standards used for AD 
diagnostic due to its high sensitivity or versatility labelling both diffuse and dense human and 
mouse Aβ deposits. We also compared STAB-Mab with other standard, the antibody anti-APP 
Y188, highly specific for APP. 
Confocal microscopy imaging confirmed that both STAB-Mab and 4G8 antibodies showed similar 
plaque staining in PFA/paraffin-fixed slices of APP/PS1 mice somatosensory cortex, while in WT 
and APP KO mice slices none of them gave any signal, as expected. On the other hand, the Y188 
antibody labelled some neuronal bodies containing APP, clearly visible in the APP/PS1 mice, but 
also slightly visible in the sample from WT mice. Importantly, in APP KO samples, no signal was 
detected (Figure 3.7). 
 

6E10, Human Beta amyloid (Mouse IgG1 Monocl. 
Covance SIG-39320). 1:1000 

7 
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Figure 3.7. Confocal images of PFA-fixed WT, APP KO and APP/PS1 mice slices labelled with STAB-Mab, Y188 and 
4G8 antibodies. All antibodies were used at the same concentration (1µg/mL). Polyclonal anti-mouse IgG ab conjugated 
with Alexa 594 was used as secondary antibody. 

 
In addition to the confocal images taken to mice and human samples, we had de opportunity to 
use a fluorescence microscope with Apotome module, which allowed us to visualize some entire 
mouse brain slices. The overall pattern of deposited Aβ plaques obtained with STAB-Mab not 
only was as clear as with the gold-standard 4G8 at the same concentrations and conditions, but 
the number of deposits visualized was higher, helping to allocate easier the areas with different 
Aβ plaque load. The principal areas with higher density of plaques were in both cases, as 
expected, the hippocampus and different layers of the somatosensory cortex (Figure 3.8). 
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Figure 3.8. 4G8 and STAB-Mab stainings of entire slices of paraffin fixed mouse brains. In red, amyloid deposits labelled 
by the antibodies. In blue, DAPI-stained cell nuclei. Both antibodies, as previously showed, labelled insoluble amyloid 
deposits (plaques), which were mainly located in the hippocampus and somatosensory cortex, as expected in this mouse 
genotype. 

 
Another type of samples we had access in Munich were human paraffin-fixed AD patient´s brains. 
As with mice samples, several cortical brain slices were stained with DAPI and two antibodies, 
4G8 and STAB-Mab. 4G8 is one of the gold-standard antibodies used for post-mortem diagnosis 
of AD patients by examining amyloid brain deposits. The objective was to confirm the 
performance of STAB-Mab in entirely human samples and, as expected, both antibodies 
performed similarly, staining both diffuse and dense amyloid plaques (Figure 3.9). 
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Figure 3.9. Cortical paraffin-fixed brain slices from AD patients stained with both 4G8 and STAB-Mab antibodies. It can 
be observed several Aβ plaques with different density. In red, Aβ deposits. In blue, DAPI stained cell nuclei. 

 
3.2.1.3. Thioflavin T-monitored aggregation kinetics 
The assays consisted in monitoring by ThT the aggregation of a supposedly monomeric solution 
of Aβ(1-42) through 120 minutes in conditions that should facilitate the aggregation, 37ºC and 
agitation (25” before each measurement), and compare the controls with the presence of 
inhibitors and the antibody. Those inhibitors used were phenol red and morin. 
In the first assay, Aβ(1-42) was resuspended in cold buffer at 4ºC and plated immediately before 
fluorescence reading. We used the same concentrations recommended by manufacturer´s kit, 46 
µM for Aβ(1-42) and 100 µM for the aggregation inhibitor compounds morin and phenol red, while 
for our antibody, due to technical limitations, the molar concentration was 11.2 µM. Results 
showed a significant reduction in Aβ(1-42) aggregation lead by the presence of phenol red, a 
slightly aggregation inhibition in the case of morin, but there was no significant reduction observed 
in the reaction wells with our antibody (Figure 3.10A). 
In a second assay, a new Aβ(1-42) aliquot was resuspended in cold buffer at 4ºC and plated 
immediately before fluorescence reading. In this case, we used with lower concentration of Aβ(1-
42) (30 µM), the same kit concentration for phenol red (100µM) and higher concentration of our 
antibody (30 µM), for achieving a 1:1 molar ratio STAB-Mab: Aβ(1-42), results variated 
remarkably. ThT fluorescence curves indicated a complete and immediate inhibition of Aβ(1-42) 
aggregation both in the presence of phenol red and STAB-MAb, being more intense in the last 
case, in which fluorescence decreased from the t=0 about 2000 RFU until t=60 (Figure 3.10 B). 
In a third assay, a new Aβ(1-42) aliquot was resuspended in cold buffer at 4ºC and after that, 
incubated for 24 hours at 37ºC for aggregation. Then, there was carried out a similar test to the 
previous one, but comparing only the absence with the presence of our antibody in solution in a 
1:1 molar ratio with the Aβ(1-42) peptide and avoiding the phenol red due to assay limitations. 
The in this case, ThT fluorescence remarkable decreased from a maximum value at t=0 to around 
a 30% of the initial value at t=120. Both control and antibody´s curves shaped similar, with no 
further influence of the presence of the antibody further than slightly lower fluorescence values in 
such case (Figure 3.10 C). 
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Figure 3.10. ThT fluorescence emission 2-hour curves in the presence of Aβ(1-42). (A) RFU curves representing a 46 
µM Aβ(1-42) solution aggregation alone and in the presence of phenol red, morin and STAB-Mab. (B) RFU curves 
representing a 30 µM Aβ(1-42) solution aggregation alone and in the presence of Phenol Red and STAB-Mab at equal 
molar ratio. (C) RFU curves of a solution of pre-aggregated Aβ(1-42) at 30 µM concentration alone and in presence of 
STAB-Mab. Data represented is the result of the average of duplicated experiments. RFU: Relative Fluoresce Units. 

 
3.2.1.4. TEM analysis of Aβ aggregation 
EM experiments seem to confirm STAB-Mab ability to inhibit, in vitro, the formation of amyloid 
organized aggregates and to disrupt preformed fibrils. As exemplified in Figure 3.11, it was not 
possible to find any organized Aβ(1-42) aggregate when STAB-Mab was present during or added 
after the incubation of Aβ(1-42) solutions. However, when the antibody was not present, the Aβ 
was able to aggregate in organized structures like fibrils (Figure 3.11 B) 
 

 
Figure 3.11. EM analysis of the effect of STAB-Mab in the formation and disaggregate Aβ(1-42) assemblies in vitro. (A) 
Electron micrograph of a 50 µM Aβ(1-42) freshly-resuspended sample in PBS 10 mM. (B) Fibrillary assemblies in a 50 
µM Aβ(1-42) solution after 4 day-incubation at 37°C. (C) Electron micrograph of 50 µM Aβ(1-42) after 4 day-incubation 
with 25 µM STAB-Mab at 37°C. (D) Electron micrograph of 50 µM Aβ(1-42) after 4 day-incubation with 50 µM STAB-Mab 
at 37°C (E) Electron micrograph of 25 µM Aβ(1-42) after 4 day-incubation before a 24-h short incubation with 25 µM 
STAB-Mab at 37°C. 
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3.2.1.5. STAB-Mab epitope mapping 
3.2.1.5.1. ELISAs 
In order to determine the STAB-Mab affinity for the different Aβ peptides, compare with other 
popular commercial antibodies and determine the antibodies´ preferred region within the Aβ 
peptide sequence, we performed several ELISAs  
We first assessed the binding affinity of STAB-MAb for Aβ peptides and subsequently, we tried 
to locate the epitope sequence [511, 539]. Accordingly, we used three different synthetic human 
and rat/mouse Aβ peptides (Aβ(1-40), Aβ(1-42) and Aβ(1-43)) as well as different peptide 
fragments from the human sequence of Aβ(1-42). We further performed a comparison study 
between STAB-Mab, 4G8 and 6E10 antibodies, some well-known commercially available anti-Aβ 
monoclonal antibodies. 
The ELISA results with complete Aβ peptides showed higher affinity of STAB-Mab for all tested 
human and rat/mouse Aβ peptides compared with 6E10 and 4G8 antibodies (Figure 3.12A). 
6E10, as expected, made evident its specificity for human sequences, exhibiting a good 
performance for all Aβ(1-40), Aβ(1-42) and Aβ(1-43) human-sequence peptides. On the other 
hand, 4G8 antibody, as a strongly C-terminal-directed antibody only was capable to react against 
peptides (both human and rat/mouse) incorporating the two-three last residues. 
 
 

 

 
 
Figure 3.12. ELISA results on Aβ recognition by STAB-Mab, 4G8 and 6E10 MAb. (A) ELISA determination of antibody 
binding to human and rat/mouse Aβ peptides (Aβ(1-40), Aβ(1-42) and Aβ(1-43)). Antibody concentration = 0.0625 µg/ 
mL; peptide concentration = 0.25 µg/mL. (B) ELISA determination of antibody binding to Aβ peptide fragments Aβ(1-11), 
Aβ(12-28), Aβ(29-40), Aβ(29-42), Aβ(35-42) and Aβ(25-35). Antibodies concentration = 0.25 µg/mL; Aβ fragment 
concentration = 50 µg/mL. (C) Aligned Aβ sequences from human and rat/mouse. Differential residues are: Arg5-to-Gln, 
Tyr10-to-Phe and His13-to-Arg. 
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When locating the epitope of these antibodies, we found that the STAB-Mab strongly recognized 
linear sequences Aβ(29-40) and Aβ(12-28) (Figure 3.12B), but also exhibiting weaker affinity for 
sequences Aβ(1-11) and Aβ(29-42). The preferred binding region for 6E10, as expected for an 
antibody directed towards the N-terminal region, was spread out the Aβ N-terminal region 
(fragment Aβ(1-11)), but surprisingly also showing some affinity for the Aβ(29-40) and Aβ(12-28) 
fragments. With no surprises, 4G8-interacting residues were exclusively the ones wearing the two 
last residues: Aβ(29-42) and Aβ(35-42) (Figure. 3.12B). 
 
3.2.1.5.2. MALDI-TOF spectrometry 
For completing the epitope mapping data extracted from the previous ELISA results, we decided 
to use proteolytic extraction and MALDI-TOF spectrometry techniques. The experimental 
approach consisted in the functionalization of some structure with the STAB-Mab to allow us to 
put it in contact with the Aβ peptides and fragments and recover it afterwards, permitting us to 
isolate the interacting and not interacting molecules [384, 385, 540]. See Material and Methods 
section for a better explanation and a scheme of the experiment performed. 
The first choice for antibody functionalization was to synthetize custom magnetic nanoparticles 
covered by a silica shell for allowing the easy antibody conjugation (Si@MNPs). Two batches of 
Si@MNPs were synthesized and characterized in collaboration with BIOSCOPE Group. 
The first batch was composed by regular rounded multi-core Si@MNPs, with a thick silica shell 
and certain tendency for aggregation with a diameter of 75 nm (Figure 3.13). For the second 
batch produced, we increased the time to let the magnetic cores growth more and shorted the 
silica shell synthesis protocol steps for achieving biggest magnetic cores and single-core particles 
with a thinnest silica shell (Figure 3.13B). 
 

 
 Batch 1 Batch 2 
Form Rounded Rounded 
Size 75 nm 75 nm 
Number of cores 2-4 1 
Size of nuclei 12.5-13 nm 20-25 nm 
Thickness of the Si shell 20-25 nm 10-15 nm 

Figure 3.13. TEM imaging of the MNPs synthesized for the MALDI-TOF epitope mapping of STAB-Mab. (A)TEM images 
of the Batch 1 of Si@MNPs. Rounded particles, about 75 nm diameter, composed by several rounded magnetic cores 
(12.5-13 nm each) in the center surrounded a 20-25 nm silica shell. (B) General characteristics of both batches 1 and 2 
of synthetized Si@MNPs. Images kindly taken by Dr. Javier Lodeiro (BIOSCOPE Group). 
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Then, the second batch of Si@MNPs of 75 nm with single magnetic cores and a 10-15 nm silica 
shell was functionalized and used in the experiment. The STAB-Mab was conjugated at a molar 
ratio of 1:10 so as to maximize the number of antibody molecules associated with each MNP. As 
previously reported, a 100 nm particle has the capacity to bind around 103 protein molecules with 
an average diameter of 6 nm; thus, each MNP would have a sufficient amount of SATB-Mab to 
bind Aβ peptides at this ratio. Successful conjugation of the antibody with the Si-MNPs was 
confirmed by Nanodrop (Figure 3.14).  

 
Figure 3.14. Si@MNPs and NHS-activated columns functionalization rate (in mg) before and after functionalization with 
each platform). 

 
The capacity of the STAB-Mab-MNPs for binding Aβ was also confirmed by ELISA as shown in 
Figure 3.15. Although we detected certain rate of possible unspecific adsorption of Aβ, relying in 
the MALDI-TOF technique sensibility, we moved ahead with the Aβ digestions, incubations and 
spectrometric analysis. 

 

 
Figure 3.15. Confirmation of functionalized SATB-Mab-MNPs and STAB-Mab-NHS-activated columns Aβ binding and 
releasing capacity. Calculated by Nanodrop, measuring the concentration of the peptide in the pre-MNPs/columns solution 
with the concentration remaining after washings and elutions. 
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The Aβ fragments resulting of the enzymatic reactions and MNPs/columns incubations are 
summarized below (Figure 3.16). As it can be observed, it was only some of the digested products 
corresponded to the theoretical counterparts (orange color). Regarding the antibody interacting 
peptides (eluted peptides, blue color), we found that mainly N-terminal fragments such as Aβ(1-
11), Aβ(1-16), Aβ(1-28) seemed to interact with the STAB-Mab when using the NHS columns and 
Aβ(1-5), Aβ(1-7) and Aβ(1-16) in the case of the STAB-Mab-MNPs (Figure 3.16). 
 

 
Figure 3.16. Summarized results of the two approaches for mapping the epitope through MALD-TOF using MNPs and 
NHS-activated columns. The proteolytic enzymatic digestion of the Aβ peptides with the three enzymes (Trypsin, GluC 
and LysC) produced a pool of fragments (orange squares), which were incubated with the MPs and columns. Unbound 
fragments found in the flow-through fractions are represented in yellow. Proteolytic peptide fragments found in the eluted 
fractions, the ones supposedly interacting with the antibody are colored in blue. 

 
3.2.1.5.3. NMR epitope mapping 
NMR is a commonly used and sensitive method for detection of macromolecular interactions. The 
2D 1H/15N HSQC spectra of isotopically labelled Aβ(1-40) and Aβ(1-42) are well resolved and 
have been already assigned [527]. To confirm the ELISA and MALDI-TOF experimental results 
obtained with synthetic peptides and proteolytic fragments of Aβ, we carried out solution NMR 
analysis on Aβ(1-40) and Aβ(1-42) in the presence and absence of STAB-Mab.  
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The 15N labelled peptides were solubilized into the monomeric state as described in Methods 
section. The 15N HSQC spectra in Figures 3.19 and 3.20 shows sharp peaks representing the 
main chain amides, confirming the sample was free from aggregation at before starting serial 
titrations with STAB-Mab. Upon addition of antibody at molar ratios 1:0.11, 1:0.33, 1:0.66, 1:1.5 
and to 1:3 (Aβ:antibody), we began to observe shift perturbations and gradual line broadening 
(disappearance of peaks) in a certain subsets of peaks, indicating the residues interacting with 
the antibody and/or located in close proximity of the interaction area.  
The significant shift perturbations detected within the Aβ(1-40) peptide when adding the antibody 
allowed us to observe that the first peaks suffering shift perturbations were mainly located in the 
first half of the peptide, while in the last titrations, these significant perturbations were detected in 
the second half after to most of the N-terminal residues consequently suffered extreme line 
broadening (Figure 3.17A).  
 

 
Figure 3.17. Combined 1H/15N chemical shift perturbations of Aβ(1-40) and Aβ(1-42) following titration with the STAB-
Mab. Histograms represent residue-specific chemical shift changes (in ppm) of 15N isotopically labelled Aβ(1-40) (A) and 
Aβ(1-42) (B) in the presence of 1:0.11, 1:0.33, 1:066, 1:1.32 and 1:3 rations of labelled peptide to unlabelled STAB-Mab, 
respectively. The horizontal grey line corresponds to the chemical shift cut-off value, above which residues are classed 
as interacting with the STAB-Mab. 

 
The same phenomenon was observed with the Aβ(1-42) peptide, confirming that the antibody 
must have preference for the N-terminal region, but is also capable to interact with some of the 
residues closer to the C-terminal (Figure 3.17B). 
On the other hand, residues directly interacting with the antibody or very close by the epitope 
region suffered significant line broadening, allowing us to map the epitope. There is a special 
observable behavior, where, for both peptides (especially for the Aβ(1–42)) the intensity (peak 
height) diminishes, as expected when increasing antibody concentrations, but suddenly, at the 
last or two last titrations, peaks height increase. These phenomena is clearly observable in most 
of the residues that are not suffering extreme line broadening at titrations 1.5 and 3 eq, mainly 
placed at the C-terminal region of the peptide. This could be a symptom of a subjacent mechanism 
through which the antibody stabilizes some kind of structure in such part of the peptide after the 
first interaction with the N-terminal region (Figure 3.18).  
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Figure 3.18. Combined 1H/15N peak intensity of Aβ(1-40) and Aβ(1-42) following titration with the STAB-Mab. Histograms 
represent residue-specific normalized intensity (in arbitrary units) of 15N isotopically labelled Aβ(1-40) (A & B) and Aβ(1-
42) (B & C) in the absence and presence of 1:0.11, 1:0.33, 1:066, 1:1.32 and 1:3 ratios of labelled peptide to unlabeled 
STAB-Mab, respectively. 
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At maximum titrations of the antibody, at the Aβ(1-40) peptide´s spectra, we observed that the 
main region interacting with the antibody was located between the residues S8 and V18. 
However, some more N-terminal residues such as G3 and R5 or other central like N23 and K28 
also suffered significant line broadening. As regards to Aβ(1-42) peptide, similar regions seemed 
to be affected by the antibody presence. Two large regions, from S to H and K16 to D23 suffered 
significant line broadening, among other isolated peaks corresponding to residues N27 (the first 
peak to vanish), E3 and K28 (Figure 3.18, 3.19, 3.20). 
 

 
Figure 3.19. NMR HMQC spectrum of Aβ(1-40) and STAB-Mab mapped the epitope. Comparison of the 1H/15N 
correlated NMR spectra of 15N isotopically labelled Aβ(1-40) in the absence (A) and presence (B) of STAB-Mab. The 
figures show the region of the resonances corresponding to the backbone amide groups. (A) 1H-15N SOFAST-HMQC 
spectrum of 20 µM Aβ(1-40) in solution. Peaks were labelled according to published assignments. (B) The same spectrum 
of Aβ(1-40) in the presence of a 1:3 ratio of labelled Aβ(1-40) to unlabeled STAB-Mab. 
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Figure 3.20. NMR HMQC spectrum of Aβ(1-42) and STAB-Mab mapped the epitope. Comparison of the 1H/15N 
correlated NMR spectra of 15N isotopically labelled Aβ(1-42) in the absence (A) and presence (B) of STAB-Mab. The 
figures show the region of the resonances corresponding to the backbone amide groups. (A) 1H-15N SOFAST-HMQC 
spectrum of 20 µM Aβ(1-42) in solution. Peaks were labelled according to published assignments. (B) The same spectrum 
of Aβ(1-42) in the presence of a 1:3 ratio of labelled Aβ(1-42) to unlabeled STAB-Mab.  
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3.2.2. Anti-Aβ Minibodies 1 and 2 characterization  
The Minibodies 1 and 2 are two chimeric antibodies derived from STAB-Mab, oriented to two 
purposes: lighter molecular weight and bifunctionalization, both modifications aiming to increase 
the therapeutic efficacy of the antibodies and their BBB crossing. As chimeric antibodies, 
Minibodies have a scFv-Fc structure, they are formed by part mouse and part human sequence. 
In this case, it is conserved one of the scFv of the STAB-Mab, while incorporating a hinge region 
and constant heavy chains (CH) from a human IgG1. In the case of the Minibody 2, it is added a 
second scFv from a human anti-insulin IgG1 (Figure 3.21). 
 

 
Figure 3.21. STAB-Mab-derived Minibodies 1 and 2. (A) Schematic representation of the coding sequence inserted in 
the expression vector for the Minibody 2 (2491 bp length). (B) Schematic representation of both Minibodies 1 and 2, 
STAB-Mab and a human IgG1.  

 
3.2.2.1. Western Blot 
In order to characterize and, at the same time, compare Minibodies with the original STAB-Mab, 
we tested them with the same samples by WB. N2A cell culture lysates served us for comparing, 
running them in acrylamide/bisacrylamide gels and performing a WB for trying to detect the 
overexpressed or endogenous APP with the three antibodies. 

 
We observed, as previously confirmed, that 
STAB-Mab is capable to bind both 
endogenous and overexpressed APP, but it 
impossible to detect any bands when blotting 
with Minibody 2. Regarding Minibody 1, we 
barely managed to detect bands 
corresponding to APP (Figure 3.21). 
 
 
 
Figure 3.22. WB comparing STAB-Mab, Minibody 1 and 
Minibody 2. Samples from two N2A cell cultures by 
SDS-PAGE and analyzed by WB. Lane 1 contains N2A 
lysate expressing endogenous APP. Lane 2, N2A lysate 
over-expressing human APP.  

 

A	

B	
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3.2.2.2. ELISA 
ELISA results confirmed that the ability of the Minibodies to bind Aβ is significantly reduced 
respect to the STAB-Mab. Meanwhile STAB-Mab displays an outstanding affinity for Aβ, 
Minibodies behaved strangely, generating more signal when the plate was not coated than when 
using Aβ for coating the wells. However, it is observable that Minibody 1 is slightly capable to 
detect Aβ, but Minibody 2 does not (Figure 3.23). Surprisingly, both Minibodies generated more 
signal when there was no Aβ(1-42) coating in the wells, even using 3% BSA blocking. 
 

 
Figure 3.23. Histogram representing the ELISA results comparing the reactivity of STAB-Mab, Minibody 1 and Minibody 
2 with Aβ(1-42) synthetic peptide. To obtain a detectable signal from Minibodies, we had to increase the concentration of 
the antibody from 0.01 µg/mL used with STAB-Mab to 1 µg/mL in the case of the Minibodies, and we only managed to 
detect a weak signal from Minibody 1. 

 
 
3.3. Anti-Aβ antibodies in vivo pre-clinical assays 
3.3.1. STAB-Mab in vivo pre-clinical trial 
For testing the therapeutic potential of the STAB-Mab, a collaboration between Moghimi´s Group 
(University of Copenhagen), Wandosell´s Group (CBMSO, Madrid) and STAB-VIDA decided to 
develop a multi-platform pre-clinical assay in WT and APP/PS1 mice models.  
We addressed a novel therapeutic approach using multivalent structures involving the conjugation 
of STAB-Mab [511, 539, 470] to PEGylated liposomes. The engineered immunoPEGliposomes, 
with IgG antibodies attached to the distal end of the reactive PEG chains, were first optimized for 
Aβ targeting and modulation of Aβ uptake by human brain capillary endothelial cells (suppressing 
uptake) and macrophage cell lines (stimulating uptake) in the presence of serum/plasma proteins 
(data not shown) [468]. The beneficial effect of immunoPEGliposomes therapy was then 
confirmed in the double APP/PS1 transgenic mouse model that resembles the amyloid pathology 
in the brain of AD patients, with different outcomes from when directly administrating the STAB-
Mab antibodies to the mice. 
 

Note: This pre-clinical assay was performed in collaboration with 3 institutions. The STAB-Mab 
antibodies were produced and characterized at STAB VIDA, the immunoPEGliposomes were 
synthetized and characterized at Moghimi´s Group, and the the administration of the treated 
mice and the biomarkers analysis and imaging were performed at Wandosell´s Group. 
Regarding my contribution to the pre-clinical assay, my works encompassed from the ELISA 
characterization of STAB-Mab to the analysis of several biomarkers of the treated mice by WB 
and fluorescence imaging, and the discussion of the results among the writting of the paper 
that was later published at Biomaterials journal [468]. 

 
3.3.1.1. ImmunoPEGliposomes characterization 
Details of liposome composition, hydrodynamic size distribution and surface antibody density are 
shown in Table 3.1. The uniformity in the size and molecules/liposome between the control 
liposomes and the ones functionalized with the two different ligands was confirmed [468]. 
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Table 3.1. Composition and characteristics of immunoPEGliposomes 
Liposome type Size (nm) ± S.E.M. (n=3) Nº of antibody molecules/liposome 

Control (Lip) 146±6 None 

Lip-IgG 158±4 52±3 

Lip-Mab 169±6 51±6 

 
3.3.1.2. ImmunoPEGliposome treatment in “adult” mice 
Previously, the ability of immunoPEGliposomes to bind Aβ in human plasma was assessed, 
confirming that Lip-Mab were capable of capturing both Aβ monomers and oligomers from plasma 
to a considerable extent and in a yield dependent on the number of STAB-Mab molecules in the 
surface [468] 
As a general model of amyloidosis of AD, we used APP/PS1 transgenic mice [484,485,515], 
which has been amplified and characterized over the past 6 years in our laboratory. During this 
period, it was confirmed the presence of Aβ(1-40) and Aβ(1-42) peptides in blood and the brain 
as well as the presence of amyloid plaques in the brain of both “adult” (10 month-old) and “aged” 
(16 month-old) mice [485]. The efficacy of the therapeutic protocol was first tested on the “adult” 
mice, since the brain amyloid burden at this age is considerably lower than “aged” animals [485]. 
 
3.3.1.3. Aβ levels 
The results showed no significant differences in plasma levels of Aβ(1-40) and Aβ(1-42) on 
repeated STAB-MAb and Lip- MAb treatments over the four-month period and, indeed, 
comparable with control liposome and non-specific antibody (IgG)-treated groups (Figure 3.24). 
Furthermore, the levels of both Aβ(1-40) and Aβ(1-42) in cortex and hippocampus remained 
unaffected by STAB-MAb and Lip-MAb treatment and again comparable with control groups 
(Figure 3.24). 

 
Figure 3.24. Plasma and brain Aβ levels in “aged” mice. (A&B): plasma Aβ(1-40) and Aβ(1-42) levels. Levels expressed 
as percentage of modification with respect to the initial levels at the start of therapy. (C&D): brain Aβ(1-40) and Aβ(1-42) 
levels. The results are mean ± S.E.M (n=6, 3 male and 3 female mice). Lip-MAb=STAB-MAb conjugated to PEGylated 
liposomes; STAB-MAb=free STAB-MAb; Co=Control animals (animals received free non-specific murine IgG). 
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3.3.1.4. ImmunoPEGliposome treatment in “aged” mice 
Next, we implemented the same therapeutic protocol on 16 month-old mice, but extending the 
dosing to 6 months.  
 
3.3.1.5. Aβ levels 
Here, Lip- MAb treatment reduced the levels of both Aβ(1-40) and Aβ(1-42) in plasma compared 
with STAB-MAb and control IgG groups (Figure 3.25 A-B). In addition, Lip-MAb treatment reduced 
brain Aβ(1-40) compared with IgG or non-treated mice (p 0.05), and particularly Aβ(1-42) levels, 
which were significantly lower than both IgG (p= 0.01), STAB-MAb-treated (p= 0.05) or non-
treated (p= 0.001) animals (Figure 3.25 C-D).  
 
 

 

 
Figure 3.25. Plasma and brain Aβ levels in “aged” mice. (A&B): plasma Aβ(1-40) and Aβ(1-42) levels. Levels expressed 
as percentage of modification with respect to the initial levels at the start of therapy. (C&D): brain Aβ(1-40) and Aβ(1-42) 
levels. The results are mean ± S.E.M (n=6, 3 male and 3 female mice). *p 0.05, **p 0.01, ***p 0.001. 16 m=16 months-
old animals (with no treatment); 22 m=22 months-old animals (with no treatment); Lip-MAb=STAB-MAb conjugated to 
PEGylated liposomes; STAB-MAb=free STAB-MAb; IgG=Control animals (animals received free non-specific murine 
IgG). 

 

Interestingly, with Lip-MAb treatment, total 
brain Aβ levels at the end of dosing schedule 
(end of month 22) were found to be similar to 
the starting level (the levels in 16 month-old 
mice, prior to Lip-MAb treatment) (Figure 
3.25C-D and Figure 3.26). 
 
Figure 3.26. Total Aβ levels in brain in the different treated 
groups respect to the levels in 16-month old mice 
(equivalent to the starting point of the experiment). **p 
0.01. 16 m=16 months-old animals (with no treatment); Lip-
MAb=STAB-MAb conjugated to PEGylated liposomes; 
STAB-MAb=free STAB-MAb; IgG=Control animals 
(animals received free non-specific murine IgG). 
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3.3.1.6. Other biomarkers 
In parallel, we studied and quantified the amount of reactive astrocytes in the affected brain 
regions with an antibody against glial fibrillary acidic protein (GFAP). The “GFAP-occupied area”, 
representing the level of GFAP-positive cells, was significantly lower (p<0.05) in Lip-MAb-treated 
mice, and particularly in the hippocampus region, compared with IgG treatment (Figure 3.27). 
These observations strongly correlate with the reduction of amyloid burden in these areas (Figure 
3.27). 

 

Figure 3.27. Immunofluorescence analysis of mouse brain sections. Brain coronal fixed section from mice treated with 
non-specific IgG1 (A), STAB-MAb (B) and Lip-MAb (C) were stained with 6E10 antibody (red) and an anti-GFAP antibody 
(green). CA1 refers to the region 1 of hippocampus. In addition, the amyloid plaques were counted in two cerebral regions, 
cortex (Cx) and hippocampus (Hc) (D). The area occupied by Aβ and GFAP-positive cells was determined in cortex and 
hippocampus (E) (blue are nuclei stained with DAPI). *p 0.05. 

 
We also tested whether reduction in Aβ burden correlates with the levels of key neuronal and/or 
glial biochemical markers. We found no effect of STAB-MAb and Lip-MAb dosing on modifications 
of activity-regulated cytoskeleton-associated protein (Arc), PSD95 (a scaffolding protein in the 
excitatory postsynaptic density and a potent regulator of synaptic strength), neuronal 
phosphoprotein (synapsin), BACE1 and APP (Figure 3.28). It is plausible that reduced plasticity 
in aged mice may have masked the effect of reduced Aβ burden on the synaptic activity. In AD, 
the neuronal cytoskeleton in the brain is progressively disrupted and replaced by tangles of PHF 
and straight filaments, predominantly composed of hyperphosphorylated forms of tau. 
Hyperphosphorylation impairs the microtubule binding function of Tau, resulting in destabilization 
of microtubules in AD brains [486]. Accordingly, we further assessed the total amounts of Tau 
(Tau 5 antibody) and its phosphorylated form (PHF-1 antibody). The Lip-MAb treated group 
showed a lower level of PHF1 immunoreactivity and a less complex band pattern in Tau 5 
compared with 16 month-old (pre-treatment) and 22 month-old mice, indicating differences in 
some phosphorylation sites. In addition, Lip-MAb treatment reduced PHF-1 to total Tau ratio 
(p=0.024) as well as the GFAP level (p=0.015) compared with control (Figure 3.28B). The latter 
observation indicates decrease in reactive “astrogliosis”. 
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Figure 3.28. WB of Aβ production and synaptic markers after the treatment. (A) Western blots of full length APP, Ab 
monomers and oligomers, BACE, Synapsin, Arc or PSD95. 16m=16 month-old animals (no treatment); Lip-MAb=STAB-
MAb immunoPEGliposomes. (B) quantitative analysis of GFAP, PHF-1 and PHF-1/Tau-5. The data was normalized with 
respect to actin and represented as relative units to 16-month old mice (16m) as control (referred to as 100%). *p 0.05. 
We strongly stress that in APP/PS1 transgenic model there are large differences between animals and even among 
littermates for levels of some kinases and phosphorylated Tau proteins [484,485], which may account for large variations 
seen in the regions 16m/GFAP, 16M/PHF1, 16m/PHF1, Lip-MAb/PHF1 and Lip-MAb/tau5. 

 
3.3.2. Minibody 2 in vivo pre-clinical trial 
In this case we have addressed another therapeutic approach using multivalent antibodies with 
the aim to test a hypothetical improvement in the ability to cross the BBB. The engineered 
antibody used in this study is the Minibody 2, result of the reengineering of the STAB-Mab. This 
antibody, as already presented, wears an anti-Aβ scFv from STAB-Mab and a second anti-insulin 
scFv from a human IgG(Figure 3.21). The rest of the constant region, lacking light constant 
regions for reducing molecular weight is also human-sequenced. The effect of Minibody 2 therapy 
was tested in the double APP/PS1 transgenic mouse model that resembles the amyloid pathology 
in the brain of AD patients. 
Due to Mini2 is a chimeric antibody, it has a constant section with human origin that would be 
recognized and targeted by the immune system of the mice. In order to avoid as far as possible 
immunologic reactions, mice were immunodepressed using Fortecortin drug by oral 
administration (2 mg/L in drinking water). 
Total amyloid levels in blood were assessed before starting the experiment for all mice. At the 
end of the treatment it was performed a behavioral test for novel object recognition and a blood 
sample extraction before sacrificing the animals. After that, brains were extracted and divided in 
two hemibrains, one for lysis and posterior analysis by ELISA and WB, and the other for eventual 
future immunostaining. 
 
3.3.2.1. Aβ levels  
Aβ plasma levels in treated group remained unaltered from values obtained before starting the 
experiment while in the vehicle group were elevated, but differences are not enough to be 
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significant. In brain samples, it was not possible to detect any differences between control and 
treated groups at the end of the treatment protocol (Figure 3.29). 
 

 
Figure 3.29. Plasma and brain Aβ levels of the mice in the Minibody 2 treatment. (A&B) Plasma Aβ(1-40) (A) and Aβ(1-
42) (B) levels before (blue bars) and after (grey bars) the treatment. (C) Brain Aβ(1-42) levels of both treated and untreated 
groups after the treatment. The results are mean ± S.E.M (n=10 mice). 
 
3.3.2.2. Other biomarkers 
According to analyzed biomarkers, APP and GFPA seems significantly elevated in the treated 
group, which would indicate an increase in glial activation, maybe lead by the abnormal 
production or accumulation of APP. However, other synaptic markers such BACE-1, PSD-95, 
P120 or p-Synapsin remained mostly unaltered (Figure 3.30). 
 

Figure 3.30. WB of APP production and synaptic markers biomarkers of the two experimental groups plus another group 
with WT animals with the same age. BACE-1, P-Synapsin, GFAP, P120, Synaptophysin, APP and PSD-95 expression 
were analyzed by WB. Quantification of BACE-1, P-Synapsin, GFAP, P120, APP and PSD-95 WB was normalized with 
respect to actin. R.U. Relative Units. 
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3.3.2.3. Behavioral tests 
To evaluate the effect of Minibody 2 treatment on memory recovery, mice were evaluated by a 
NOR (Novel Object Recognition) test. NOR is a memory test that relies on spontaneous animal 
behavior and has become a widely used model for investigating memory alterations [482]. Figure 
3.32 shows that APP/PS1 animals receiving both PBS and Minibody 2 spent more time in the 
novel object than exploring the familiar one, as it was with the WT group (Figure 3.31 A). 
 
 

 
 

 
Figure 3.31. Impact of Minibody 2 treatment on APP/PS1 mice memory (n=6). Memory evaluation after PBS or Minibody 
2 administration: (A) Total time spent (s) in both objects by the three groups. (B) time % investigation on the novel vs. the 
familiar object at the end of treatment. (C) quantification of DI. Histograms represent mean ± S.E.M. 
 
However, the total activity period of the WT group around the objects was significantly lower than 
in the TG groups (12 seconds versus 85 and 84 seconds for the PBS and Minibody 2 groups 
respectively). In terms of percentage, Figure 3.31 B shows that Minibody 2-treated mice spent 
the highest percentage of the time invested in exploring the objects in the novel object, 73.4±5.2 
%, much closer to the WT group (72.3±7.6 %) than the PBS-administrated group (68.2±5.9 %). 
However, when considering the discrimination index (D.I.= (seconds spent on novel–seconds 
spent on familiar)/(total time spent on objects), although Minibody 2-treated group is closer to the 
WT group values than the PBS-treated group, differences are negligible (Figure 3.31 C). 
 
3.4. Chapter 3 discussion 
3.4.1. Anti-Aβ STAB-Mab production 
The objective of this works was to optimize the antibody production from the pre-existing 
hybridoma. For this purpose, different media and culture platforms were tested and the original 
hybridoma cell line was subcloned using limiting dilution techniques. Hybridomas are not such 
stable producing antibodies as other mammalian or bacterial cell lines and, as any other cell line 
under intensive culturing, cell cycles and handling, protein and antibodies production can be even 
more affected. This is a common problem when using hybridoma lines for producing monoclonal 
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antibodies, and each some time, it could be necessary to subclone the line in order to "reset" the 
cell population and isolate the better production cells. As our original hybridoma clone 9E8 1A3 
1H8 producing STAB-Mab never was subcloned since it was isolated 5 years ago and after 
several media and culture platforms used, it was necessary to make an update. 
The production yield of the original clone (named as 9E8 1A3 1H8) was around 20 µg/mL of 
antibody in fresh supernatant measured by ELISA and the cell doubling time was around 30h. 
After the subcloning, one of the subclones was selected for scaling and antibody production. This 
new clone (9E8 1A3 1H8 2F9) showed slightly shorter cell doubling times and between 30 and 
100% higher antibody production yields depending on the cell culture conditions (suspension or 
monolayer) and the culture platform used (bioreactor, stacked flasks or standard flasks). 
Production protocols were also simplified and reagents optimized for the acceleration and 
optimization of the production and purification of antibodies in the laboratory, avoiding serum IgG 
depletion, supernatant concentration and protein precipitation steps, which also permitted to 
increase significantly the antibodies production. 
Therefore, we can conclude that, first, this hybridoma cell line, independently on the effect of the 
subcloning, is not able to grow properly and produce antibodies when being cultured in 
suspension and high cell densities, and second, the new clone performs significantly better than 
the old one, allowing to increase stable production rates in laboratory. 
As exposed previously, unlike polyclonal antibodies, which are produced in live animals, 
monoclonal antibodies are produced in vitro using cell-culture techniques. Production of 
monoclonal antibodies is a very expensive and time-consuming process that may take weeks of 
culturing to provide enough antibodies for an experiment or to treat a single patient. Even though, 
monoclonal antibodies clinical use has been extensively used in the last years, positioning as the 
main therapeutic approach in neurodegenerative diseases and cancer treatment. Although there 
exist several unknown or poorly known mechanisms underlying some of the processes unchained 
by these immunotherapeutic approaches and certain handicaps to surpass, there is an 
undoubtable potential in these kind of approaches. 
When addressing AD, two main targets rapidly come out: Aβ and tau protein. As also showed, 
there exist several pre-clinical and clinical phase trials currently running targeting these two 
molecules. The road to the clinical phase or even to the market is long and hard, requiring a depth 
biophysical characterization and strong and stable pre-clinical output. Although the new 
“autoantibodies” or “fully human antibodies” are reporting interesting results and gaining tons of 
interest, at the same time, antibody recombination and humanization techniques are evolving 
rapidly, allowing reliable and easy ways to create interesting variants and new approaches, such 
as Fc-fusion proteins. Here, we presented some new characters in this scenario, STAB-Mab, and 
the Minibodies 1 and 2. The objective behind the STAB-Mab creation was to develop a new 
monoclonal antibody to be, not only an alternative to the other contemporary clinical antibodies 
such as Bapineuzumab, Solanezumab or Crenezumab, but also to be used in diagnosis and in 
new nanoplatforms with theranostic purposes. However, as the antibody did not pass to clinical 
phases yet, humanization nor large-scale production were required, so hybridoma production was 
continued and optimized for antibody production, stocking, and selling. 
 
3.4.2. Anti-Aβ STAB-Mab characterization  
STAB-Mab is an in-house developed IgG1 isotype murine monoclonal antibody raised against 
Aβ. The original clone producing STAB-Mab was obtained by mice immunization with an Aβ(1-
42) solution followed by hybridoma fusion. In previously published studies, SPR data confirmed 
picomolar affinities of STAB-MAb for both monomers and fibrils of synthetic Aβ(1-42) (KD= 80 
and 130 pM, respectively), which were even better than the affinities measured in parallel with 
the commercial anti-Ab antibody 6E10 (KD= 300 pM). When biotinylated, the antibody´s affinity 
was lower although still in the low nanomolar range (KD= 2.1±0.6 and 1.6±0.4 nM, for monomers 
and fibrils, respectively) [511]. Such effects due to biotinylation have been previously observed 
for other antibodies as well [512], and it was suggested that the reactive free amino groups of the 
antibody that interact with N-hydroxysuccinimidobiotin (for biotinylation) are essential for binding 
and bioreactivity of the molecule. 
The antibody has also been used for functionalization of different platforms and nanostructures 
such as PEGylated liposomes [468, 511] or poly (alkyl cyanoacrylate) (PACA) nanoparticles [470] 



 80 

designed with theranostic purposes. STAB-Mab-functionalized liposomes showed to bind Aβ with 
a two-fold lower affinity for monomers than fibrils (KD= 2.8±0.5 and 1.6±0.2 nM, respectively) and 
specifically stain amyloid plaques both in paraffin and frozen sections of AD patient brains [511].  
When tested in vitro and in vivo pre-clinical tests, the presence of these structures and even the 
antibody alone reported interesting and promising data showing memory recovering and AD-
related biomarkers improvements [468, 470, 511, 513]. 
The aim to relate the characteristics of the antibody with its therapeutic effect and compare with 
other therapy-oriented antibodies required a finest characterization of the mechanism of action 
and the epitope of the STAB-Mab, leading to this group of experiments. Through a variety of 
techniques available at STAB VIDA company and several other collaborating groups from FCT 
(NOVA Lisbon University), CEDOC (NMS Lisbon Unversity), CBMSO (Madrid) or DZNE (Munich), 
we managed to identify the range of molecules the antibody is capable to bind, comparing it to 
other commercial options, to determine the effect of the antibody in the amyloid beta kinetics and 
to map its epitope with a single-residue detail. 
 
3.4.2.1. Western Blot 
WB analysis done at Claudia Almeida´s Group (CEDOC) showed that STAB-Mab owns a wide 
variety of Aβ species and aggregates, even from synthetic origin (human and mouse) or from 
mouse brain lysates. In Figure 3.4 it is shown a comparison between a gold-standard murine 
monoclonal 6E10 and STAB-Mab. Although 6E10 has an N-terminal restricted epitope and STAB-
Mab has a spatial and more central epitope, the blotting patterns between both antibodies. 
However, some differences can be noted. Meanwhile, STAB-Mab is able to recognise both mouse 
and human Aβ with almost the same facility, 6E10 demonstrated to be more prone to bind the 
human sequence of Aβ. It is also noticeable that STAB-Mab seems to show more affinity than 
6E10 at the same concentrations used, something remarkable even though we were expecting 
better affinity observed in previous SPR data [511], due to the 6E10 is one of the first choices in 
research and diagnosis of amyloidopathies thanks to its great sensitivity [468]. 
Based on ELISA results we intuited that STAB-Mab may have a broad binding capability, so we 
wanted to confirm if this antibody was able to recognise APP as well. WB of several lysates from 
N2A cell cultures producing both endogenous and overexpressed APP and brains of WT and 
APP/PS1 transgenic mice were used for proving this. In our case, the N2A cell line was 
overexpressing transiently the human version of APP [516, 517]. APP/PS1 mice (B6-Tg(Thy1-
APPswe; Thy1-PS1 L166P) contain human transgenes for both APP bearing the Swedish 
mutation and PSEN1 containing an L166P mutation, both under the control of the Thy1 promoter. 
In these mice, expression of the human APP transgene is approximately 3-fold higher than 
endogenous murine APP, and Aβ plaque deposition starts at approximately six weeks of age in 
the neocortex. Deposits appear in the hippocampus at about three to four months, and in the 
striatum, thalamus, and brainstem at four to five months (Figure 3.4) [514, 515]. 
WB results confirmed STAB-Mab recognizes APP from human and mouse origin, but we also 
wanted to compare with other gold standard antibodies such as 4G8 (another monoclonal murine 
anti-Aβ antibody widely used in post-mortem diagnosis of AD in human brain slices) and Y188 (a 
well-known rabbit APP-specific antibody). While with 4G8 was only possible to visualize a single 
band at 100 Da in N2A cell culture overexpressing APP lysate, with Y188 was possible to identify 
several bands around 100 Da (APP) in both N2A lanes and several unidentified thick bands 
around 30 Da (Figure 3.14).  
STAB-Mab showed a performance between 4G8 and Y188 antibodies when using the same 
1µg/mL concentration. STAB-Mab marked the same two bands than with Y188 around 100 kDa 
(presumably corresponding to endogenous/mature and overexpressed/immature APP) in the 
lanes loaded with lysates from transfected N2A cell cultures (lanes 2) and with APP/PS1 mouse 
brain lysate (lane 3). It was also possible to see 2 more bands between 10 and 15 kDa, possibly 
corresponding to small-sized Aβ oligomers. 
With these experiments we confirmed that STAB-Mab is capable to recognize APP as good as a 
gold-standard as it is Y188 antibody under the same conditions, at least using this particular 
technique. 
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3.4.2.2. Stainings 
Four sets of stainings were performed and analyzed in collaboration with two groups (Wandosell´s 
Group at CBMSO, Madrid, and Herms´ Group, at DZNE, Munich) for the need of samples and 
microscopy equipment that was not available at STAB VIDA nor FCT. 
At Wandosell´s Group, hemi-brain cryoslices from 11 months-old APP/PS1 and wt were stained 
with a pool of commercially available antibodies for comparing the STAB-Mab. Fluorescence 
microscopy images showed in Figure 3.6 display the hippocampal region and part of the 
somatosensory cortex where blue color labels cell nuclei and red, Aβ deposits. As previously 
noted, hippocampus and somatosensory cortex are two of the main affected areas by the AD-
related Aβ pathology, and so it is in the animal model examined here, APP/PS1.  
As described in the results section and as expected in the APP/PS1 mice slices, STAB-Mab 
labelled different size Aβ plaques in a similar way to 6E10 or the rabbit polyclonal anti-Aβ antibody 
#2454 from Cell Signaling, which showed the strongest Aβ plaques labelling. On the other hand, 
the antibodies targeting APP did not allow us to identify any visible signal. And so was regarding 
the WT mice slices incubated with STAB-Mab and 6E10. 
During one of the secondments performed within the EXTRABRAIN Project at Herms´ Group 
(DZNE), we had de opportunity to compare the STAB-Mab with the already known Y188 and 4G8 
antibodies in new samples and with other microscopy techniques. 6-month old female mice from 
three mice genotypes (WT, APP/PS1, and APPKO) were perfused with PFA and 10 µm thickness 
sections were obtained with a microtome prior to the immunostainings with the selected 
antibodies (Figure 3.7). 
In APPKO animals (B6.129S7-Apptm1Dbo/J), the endogenous APP gene was disrupted by 
replacing a 3.8 kb sequence encoding the promoter and exon 1 with a neomycin resistance 
cassette by homologous recombination. At birth, mice homozygous for the targeted allele are 
viable and do not display any gross physical or behavioral abnormalities. No APP gene product 
(mRNA or protein) is detected. By 14 weeks, the mice exhibit elevated reactive gliosis in the 
hippocampus and neocortex compared to levels observed in wild-type animals. Neurological 
evaluation showed reduced forelimb grip strength and decreased locomotor activity [518]. Also, 
spasm-like movements have occasionally been observed when anesthetizing animals. 
Confocal images confirmed what we were expecting regarding the 4G8 and Y188 antibodies. 4G8 
successfully labelled the Aβ plaques in the sections from APP/PS1 mice, but nothing was 
distinguishable from noise in the other two genotypes (WT and APPKO). On the other hand, Y188 
clearly directed against APP, allowed us to observe the typical APP disposition around the 
neuronal body, much more visible in the APP/PS1 model than in the WT, while nothing was 
detectable in the APP KO mice slices. STAB-Mab showed similar staining pattern than the 4G8, 
labelling different diffuse and dense Aβ plaques, but with a little bit more background noise. 
In addition to the detailed pictures from the confocal microscopy, we also had the opportunity to 
use the fluorescence microscope and, with the help of the Apotome module, we took photos all 
over the coronal mice brain sections. This allowed us to test the antibodies STAB-Mab and 4G8 
and have an “overall” view of the whole brain and the disposition of the Aβ plaques. The stainings 
showed similar Aβ patterns with both antibodies, although when using STAB-Mab, more number 
of plaques were visible (Figure 3.8). 
The collaboration at DZNE made possible as well to access to the Faculty of Medicine of the LMU 
and analyze some AD human samples. Paraffin-included slices from AD patient´s brains were 
treated with the same protocol as the ones from mice and stained with both 4G8 and STAB-Mab 
antibodies. Again, the pattern displayed by both antibodies was very similar, labelling Aβ plaques 
with different density.  
These results strongly supported previous observations, confirming that STAB-Mab high affinity, 
broad binding capabilities, and versatility under different techniques make it a good antibody for 
research and diagnosis purposes and even for therapy [324, 334, 336]. 
 
3.4.2.3. ThT-monitored aggregation inhibition test / Influence of anti-Aβ STAB VIDA MAb in 

a solution of Aβ(1-42) 
As showed, the antibody not only interacts in some manner with several monomeric and 
aggregated species, but also impedes the formation on organized aggregates as ThT assays 
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results reportedly showed, which denote a flexibility and a broad binding profile (Figure 3.10). 
This broadly in antigen recognition in a monoclonal antibody is not common but highly interesting 
in Aβ-targeted immunotherapy considering the variety of AD-related species [324, 334, 336]. 
Aggregation tests confirmed that the antibody is capable to completely inhibit the formation of the 
β-sheet motif required for the arrangement of highly organized aggregates [361, 362] in the Aβ(1-
42) monomeric solution in physiological-like conditions (37ºC and aqueous polar solution). 
However, to inhibit aggregation, the antibody needed to be present in a similar molar ratio than 
Aβ(1-42). This fact, in conjunction with the already published affinity measurements by Canovi et 
al. [511], could imply that the first residues the antibody recognize would not be the ones 
necessarily related to the β-sheet arrangement. 
On the other hand, starting from an already aggregated solution, the antibody showed no capacity 
for disaggregating the Aβ(1-42) complexes, at least, not enough for being detectable by the ThT 
assay, which could suggest that it is not capable to access the residues responsible for the 
formation and maintenance of the β-sheet that, indeed, were exposed in the pre-aggregated 
solution. 
 
3.4.2.4. Transmission Electron Microscopy (TEM) analysis 
Although it is not a quantitative experiment, we believe that visualization of the effect of the STAB-
Mab in the formation of Aβ aggregates in solution would be interesting and informative. As shown 
in Figure 3.11, we observed hints pointing to that STAB-Mab could have the ability to inhibit, in 
vitro, the formation of amyloid organized aggregates (at 1 and 0.5 molar equivalents) and more 
interestingly, eventually disrupt preformed fibrils (Figure 3.11 E). 
We have confirmed that STAB-Mab has a broad capacity for binding a number of Aβ species, 
among monomers, oligomers, and fibrils. Now, we noticed that it also may be capable to influence 
and structurally alter big and organized aggregates such Aβ fibrils, as it has already observed 
with other types of molecules [469]. The mechanisms underlying this ability may lie in the residues 
interacting with the antibody (epitope) and in the way the antibody forces Aβ molecules to acquire 
some defined molecular structure. 
Nevertheless, we must be cautious in this since the technique used is not the most adequate to 
confirm such phenomenon. 
Therefore, in order to determine the residues interacting with the CDRs and uncover the 
mechanisms of action of the antibody that allow that broad recognition of different Aβ species, a 
battery of experiments for epitope mapping was designed using Aβ(1-40) and Aβ(1-42) synthetic 
peptides. 
 
3.4.2.5. STAB-Mab epitope mapping 
Following the results observed in the WB and the different stainings, we needed to unveil the 
mechanisms by which STAB-Mab was recognizing and binding the Aβ peptide. What residues 
were interacting? In which order? Does it have a linear or a discontinuous epitope?  
 
3.4.2.5.1. ELISA-based epitope mapping 
ELISA results comparing affinities for the whole Aβ peptides of STAB-Mab, 6E10 and 4G8 
commercial antibodies using the same concentrations and conditions confirmed the better 
performance of the STAB-Mab over the other two, especially when referring to versatility detecting 
any of the peptides, even from human or mouse/rat. 4G8 is a strongly C-terminal-oriented 
antibody, requiring the presence of the Aβ residues in positions 41 and 42 for binding the peptide 
(both human and mouse/rat). Regarding 6E10 antibody, as an anti-human N-terminal Aβ-directed 
antibody, it was able to bind all human Aβ peptides but none of the mouse/rat peptides (Figure 
3.12 A). 
On the other hand, as our principal goal, we wanted to locate the STAB-Mab epitope within the 
Aβ peptide. For this purpose, we coated an ELISA plate with different synthetic fragments of the 
Aβ(1-42) sequence: 1-11, 12-28, 29-40, 29-42, 25-35 and 35-42. Results confirmed the specificity 
of 4G8 for the C-terminal region of Aβ exclusively binding fragments carrying the two last residues 
of Aβ, the 29-42, and the 35-42. The N-terminal preference of the 6E10 was also confirmed, 
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although we observed interaction with fragments 12-28 and 29-40 meanwhile its reported epitope 
is located within the 3rd and the 8th amino acids of the Aβ peptide [519]. Maybe similar spatial 
conformation acquired by these 6 residues (EFRHDS) is also reproduced in some part of the 12-
28 and 29-40 fragments. Moving to the STAB-Mab, we observed interesting data, justifying its 
“broad” character, now observable along the entire sequence of the Aβ peptide. We confirmed 
STAB-Mab is able to bind fragments from residues 1 to 42, but with important differences between 
the fragments used and some curious behaviors. The antibody showed increased preference for 
the 1-11 fragment, 12-28 and showing the highest affinity the 29-40 fragment. Until here, 
everything seems pretty straight-forward and confirm what we were expecting, but the interesting 
thing is that, when using the fragment 25-35 (sequence partially included in the 29-40 fragment), 
the signal obtained was almost indistinguishable from noise. In a similar way, the same happened 
with the 29-42 fragment, only differentiated from the 29-40 by the two last residues, something 
that seems to affect the binding capacity of the antibody to such peptide. And again, when using 
the 35-42 fragment, we obtained similar results than with the 25-35 fragment (Figure 3.12 B) 
[468].  
Part of these data makes us infer that the presence of the last two highly apolar residues of the 
Aβ(1-42) molecule (IA) may influence the entire conformation of the 29-4X fragment, hindering 
the optimal binding structure to the antibody. Coincidentally, this is a hydrophobic region highly 
involved in the formation of ordered aggregates and which tends to forms β-sheet structures [523]. 
And when it comes to the 25-35 fragment, which is a very toxic derivative of the Aβ molecule and 
a key part of the aggregation and β-strand structure formation in Aβ dynamics [81, 82, 83, 522], 
we know it commonly acquire α-helical structures in a variety of media (PDB ID: 1QWP [520], 
PDB ID: 1QCM [521]). This fact of this peptide to spontaneously form organised and closed α-
helical structures could be affecting the accessible areas STAB-Mab needs to bind the such 
fragment. 
 
3.4.2.5.2. MALDI-TOF 
Mass spectrometry is a commonly used technique for mapping antibodies paratopes and epitopes 
[384], and the opportunity to collaborate with a proteomics-specialized group at the FCT 
(Bioscope Group) for continue the STAB-Mab characterization arise. The methodology followed, 
based in some previously published works [384], consisted in the enzymatic digestion of the Aβ 
peptides by Trypsin, GluC and LysC and analysis of the spectra of the flow-through and eluted 
fractions after passing digested products through a STAB-Mab-functionalized platform. This 
would give us the picture of both the antibody-interacting and non-interacting digested peptide 
fragments. 
Based in previously published works [385], to create a functionalized platform, we first tried to use 
custom Si@MNPs produced in collaboration with BIOSCOPE Group and use magnetism for 
separating antibody-interacting fragments from the rest of digested fragments pool. After two 
batches of Si@MNPs, we functionalized the second batch with the antibody via NHS due to an 
increased magnetism and less aggregation tendency. Results confirmed unspecific Aβ retention 
by non-functionalized Si@MNPs, which together with the difficulty to avoid particles aggregation 
and clean MALDI-TOF spectra, we rethought the protocol and decided to use inexpensive and 
more reliable commercial NHS-activated sepharose columns from GE. 
NHS-activated sepharose columns are commonly used for purifications and sample enrichment 
and are easy and fast to operate, including automated pump systems. NHS-activated columns 
were satisfactorily functionalized with the STAB-Mab and no unspecific Aβ adsorption was 
observed. Moreover, MALDI-TOF spectra were much clearer, solving two problems of the 
Si@MNPs previously used. 
Once we had our three functionalized columns we started to analyze and compare initial digested 
peptide pools, and column flow-through and eluted fractions. We noted that we did have a new 
problem, the mediocre initial representation of the whole theoretical digestion products we should 
obtain with the three enzymes previous to the columns passing. This would influence and mask 
the final results due to some of the fragments absence in the initial digestion pool may be part of 
the antibody epitope. However, in the best case, we managed to obtain 4 of 9 expected trypsin-
digested fragments, 10 of 19 expected GluC digested fragments and 3 of 5 expected LysC 
fragments pool. We also knew some of the fragments would not be detectable in the MALDI-TOF 
spectra due to its poor representation or its proximity to other more intense peaks. 
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Although the lack of the robustness in the results, the final analysis revealed that only N-terminal 
fragments remained in the columns and was released with the elution buffer. If we consider the 
experiment using the Si@MNPs, the same pattern was observed, being N-terminal fragments the 
ones remaining attached to the nanoparticles after washings and posteriorly released by the 
elution buffer (Figure 3.32). 
 

 
Figure 3.32. Schematic representation of Aβ molecule (the interacting region in green background) and all the fragments 
obtained after enzymatic digestion (both Si@MNPs and NHS-activated columns experiments). Blue bars correspond to 
the fragments identified in the eluted fractions (also identified in the flow-through but not in the sequential washings). 
Yellow bars correspond to the fragments identified in the flow-through fractions. Reddish bars represent fragments present 
in the initial digestion pool but that were impossible to identify in later fractions after the Si@MNPs or columns incubations.  

 
These results point to a strong N-terminal preferred epitope, something that partially agrees with 
the previous ELISA results, where we observed that the antibody actually bind the synthetic 
fragments 1-11 and 12-28 (although the highest affinity observed was for the 29-40 fragment). 
However, the technical problems, the limitation of the techniques and the long and complex 
protocol made these results unreliable and us to consider other techniques for mapping STAB-
Mab epitope with more precision and robustness 
 
3.4.2.5.3. NMR epitope mapping 
After the failed MALDI-TOF epitope mapping, we tried to use another of the most used 
techniques, Nuclear Magnetic Resonance (NMR). Solution NMR spectroscopy is especially 
adequate for characterizing intermolecular interactions, including the determination of antibody 
epitopes [430]. The NMR signal is extremely sensitive to the local chemical environment, 
therefore, when an intermolecular complex is formed, the chemical environment of the atomic 
interface of a molecule changes as they get close to the atoms of the interacting partner and so 
does the NMR signal. Through studying the NMR spectra form before and after the complex 
formation, interface atoms can be identified thanks to the changes in their NMR signal. This is 
very useful for determining the exact individual residues interacting, and the order they interact 
with each other in an epitope-paratope interaction. 
Spectra plots obtained from the 15N-HSQC NMR experiment of each titration with Aβ(1-40) and 
Aβ(1-42) peptides from 0 to 3 molar equivalents of antibody over Aβ peptides confirmed several 
significant peak shifts and broadenings, indicating several residues interacting with the antibody 
in a concentration-dependent pattern. The starting 15N labelled Aβ(1-40) and Aβ(1-42) peptides' 
spectra showed sharp and well-defined peaks, which were labelled according to the assignments 
previously published (Figures 3.18, 3.19) [527]. 
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The NMR data on Aβ(1-40) and Aβ(1-42) revealed a hypothetical 2-step mechanism by which the 
STAB-Mab interacts with the peptides. The antibody seems to recognize in a first place an N-
terminal subset of residues, as depicted by the observed shift perturbations.  
The first residues perturbed are roughly concentrated in the region from S8 to D23, followed by 
the central- to C-terminal residues S26, G33, M35, V36 and V40, in both Aβ(1-40) and Aβ(1-42) 
spectra. Lysine in position 28, suffered extreme line broadening in both cases, even at low 
concentrations of STAB-Mab indicating that this residue might be interacting strongly with the 
antibody or with a region within the Aβ peptide intensively influenced by the interaction with the 
STAB-Mab. 
Subsequently, with increasing antibody concentration extreme line broadening appears and 
several central- to C-terminal residues also interact with the antibody. Although with slight 
differences between both Aβ peptides, the pattern is quite similar. Also, the increasing intensity 
of the C-terminal residues at higher concentrations indicate the stabilization of a defined structure 
in such area after the first interaction. 
 

 
Figure 3.33. Schematic representation of disappearing peaks from NMR spectra over two solved and published structures 
for Aβ(1-40) and Aβ(1-42) in monomeric form (PDB ID Aβ(1-40): 2LFM, PDB ID Aβ(1-42): 1Z0Q) (A) and when being part 
of fibrils (Aβ(1-40): 2LMN, Aβ(1-42): 2MXU) In clear red, β-sheets-forming regions, in clear blue, α-helix-forming regions 
and in darker greys, residues involved in aggregation and β-sheets stabilization. 

 
Considering our NMR data and the information already published from solved structures, in the 
case of Aβ(1-40), the N-terminal region affected by the presence of the antibody might be forming 
an α-helix occupying hydrophobic residues from H13 to D23 (PDB ID: 2LFM) [526]. On the other 
hand, in the case of the Aβ(1-42) peptide, according to Tomaselli et al. (2006), under our 
experimental conditions, the same region should tend to form β-strand structures (PDB ID: 1Z0Q) 
(Figure 3.33) [525]. 
 

 
Figure 3.34. Aβ structures spatial representations labelled with the interacting residues. A. Aβ(1-40) structure in aqueous 
environment (PDB ID: 2LFM) submitted Vivekanandan et al. (2011) forming a more compact structure and a helix between 
residues H13-D23. B. Aβ(1-42) structure in apolar environment (PDB ID: 1IYT) published by Crescenzi et al. (2002) 
forming two α-helices in residues S8-G25 and K28-G38 linked by a β-turn. Regions interacting with the antibody (residues 
suffering extreme line broadening) from our NMR spectra in presence of the STAB-Mab) are colored in yellow. 

 
Nonetheless, chemical shift perturbations are not very big in comparison with other published 
works, leading us to support in a bigger manner our epitope mapping hypothesis on the height 
and extreme line broadening peak data. Such observations, together with the variation of peak 
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intensity and shifting during the intermediate titrations may point to that the antibody does not 
radically alter the peptides´ structure, but stabilize one of the major structures already present in 
the solution meanwhile impeding its aggregation. 
For both Aβ(1-40) and Aβ(1-42), according to studies published by Paravastu et al. (2008) (PDB 
ID: 2LMN) [120] and Xiao et al. (2015) (PDB ID: 2MXU) [538], the N-terminal and central regions 
where we observed significant influence of the presence of the STAB-Mab seem to play important 
roles in the formation of β-sheet structures and Aβ aggregates (Figure 3.33, 3.35). 
 

 
Figure 3.35. Aβ fibrillar structures representations labelled with the interacting residues. A. Fibril structure (PDB ID: 
2MXU) solved by Xiao et al. (2015) by NMR in polar ambient formed from 1(1-42) Aβ peptide showing a triple β-sheet 
motif [538]. B. Fibril structure (PDB ID: 2BEG) solved by Luhrs et al. (2005) where residues 18-42 form a β-strand-turn-
β-strand motif that contains two intermolecular, parallel, in-register β-sheets [118]. Orange-colored regions represent the 
residues disappearing in our NMR spectra in presence of the STAB-Mab. C. Solved structure of Aβ1(1-42) (PDB ID: 
2MXU) highlighting the proximity and interaction of the residues K28 and A42 described by Xiao et al (2015) [538]. 

 
Regarding the C-terminal region, the only residue that suffered extreme line broadening, K28, 
has been reported to function as an important β-hairpin stabilizer in several solved structures by 
forming salt bridges with A42 [538] and N23 [562] residues. A preferential interaction with the 
STAB-Mab might preclude this β-hairpin stabilizing effect (Figure 3.35). 
 
Characterization final conclusions 

The data from NMR experiments are partially in agreement with what we observed in the ELISAs 
results, where the antibody showed to bind several Aβ fragments, from residues 1 to 40. However, 
STAB-Mab showed the highest affinity for the Aβ(29-40) fragment in the ELISAs, meanwhile, 
according to NMR data, there are no residues interacting with the antibody in such region. 
According to the NMR results, most of the residues interacting are within the first 23 amino acids 
of the peptide (Figure 3.32), with the exception of the K28. A feasible explanation for the 
disagreement between NMR and ELISA results would be in the different spatial structures that 
the complete Aβ peptide and the Aβ(29-40) fragment can acquire in the different conditions of 
each assay. Meanwhile, in the ELISA the fragments are absorbed in the plastic well through 
hydrogen bonds coated under a high pH (carbonate/bicarbonate buffer pH 9.4), in the solution 
NMR, residues are in suspension at a physiological pH. It exists the remote possibility that the 
Aβ(29-40) fragment could adopt some spatial conformation under determined conditions that 
mimics some antibody preferred structures. 
The NMR data would also confirm some of the observations from in the ThT-monitored Aβ 
aggregation experiments. The ThT is an intercalant compound which intercalates inside the inner 
groove of the β-sheet and interacting mainly with the tyrosine residues [528]. Previous 
experiments confirmed that STAB-Mab is capable of binding not only monomers, oligomers and 
fibrils, but also is able to completely impede Aβ aggregation. 
With the available techniques and collaborations, we tried to unveil some of the characteristics of 
STAB-Mab. We centered our efforts in trying to find the basis for the STAB-Mab behavior, to 
better understand its mechanism when used not only with analytic purposes; comparing it with 
several gold-standards in a number of techniques; but also, and more importantly, with 
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therapeutic aim. Data from these characterization experiments may confirm some interesting 
characteristics of STAB-Mab. Although with a slightly higher preference of STAB-Mab for Aβ(1-
42) peptide than for the Aβ(1-40) it also maintains an outstanding affinity for the Aβ(1-40) and 
other peptide fragments and aggregated species [468]. This flexibility for binding different 
structures may make this antibody a interesting option for passive immunotherapy [324, 334, 
336].  
In comparison to other similar therapy-oriented antibodies, Bapineuzumab interacts with the N-
terminal region (Figure 1.24), while Solanezumab interacts with a more central region (Figure 
1.25), but both of them stabilize a sort of helical conformation in the Aβ peptide [324, 428], 
something feasible to happen with the STAB-Mab. On the other hand, Crenezumab (very similar 
epitope sequence to the STAB-Mab, Figure 1.26) and Ponezumab target central and C-terminal 
residues (Figure 1.27), respectively, and stabilize extended coil conformations [430, 328]. 
Regarding the new generation of fully-human antibodies, Gantenerumab is capable to bind both 
monomers and fibrils, in a similar way to STAB-Mab, and X-ray diffraction solved structures 
showed that the monomeric Aβ peptide acquires an extended-coil conformation (Figure 1.28) 
[118]. Aducanumab, the most recent and promising new generation antibody recognizes a very 
compact N-terminal epitope in an extended-coil conformation [331]. STAB-Mab observed epitope 
has important similarities to some of these therapeutic antibodies, such as Solanezumab or 
Crenezumab, although its binding profile also holds similarities with other antibodies such as 
Gantenerumab (Table 1.10). 
STAB-Mab high affinity, its broad neutralization spectrum, together with its widespread epitope 
are quite special characteristics that may deserve better understanding. The antibody-antigen 
interface should be studied through techniques such as X-ray crystallography. Data from such 
experiment would enlighten several doubts regarding the antibody´s preference for one or another 
structure, from monomers to fibrils and its influence in such structures. 
 
3.4.3. STAB-Mab in vivo pre-clinical trial discussion 
Numerous active and passive immunotherapeutic approaches to AD are currently under 
investigation at both experimental and clinical stages (check Alzforum database) [320, 323, 324, 
329]. Some of these studies have suggested that elicited as well as therapeutic monoclonal 
antibodies may cross the BBB. Considering that only a small fraction of antibodies may reach the 
brain parenchyma [546], the peripheral-sink hypothesis for Aβ-related neuropathologies [471, 
472] might be a very plausible mechanism responsible for some the observed therapeutic effects 
of immunotherapy protocols. 
Accordingly, we tested such sink hypothesis by attaching STAB-Mab to PEGylated liposomes to 
increase multivalency and improve vesicular avidity for Aβ in serum/plasma. We initially assessed 
whether immunoPEGliposome can suppress Aβ uptake by brain capillary endothelial cells while 
mediating Aβ (monomers and oligomers) clearance by macrophages in vitro [468]. On the other 
hand, liposomal presence dramatically accelerated Aβ uptake by macrophages through both Fc- 
and complement-receptor mediated processes, presumably as a result of avid and stable 
liposome-Aβ complex/aggregate formation [468]. 
The biophysical characteristics of the engineered immunoPEGliposomes were in line with 
guidelines necessary for achieving prolonged circulation times [540, 541], and therefore suitable 
for parenteral administration. We chose an intraperitoneal route of injection for gradual delivery 
of Lip-MAb to the blood circulation via stomata in diaphragm, and associated regional draining 
lymphatic channels. The extent of vesicular PEGylation described here is known to minimize 
immunoliposome capture by peritoneal and regional lymph node macrophages, while improving 
their drainage into the lymphatic system [541]. The dosing schedule was every three weeks, and 
far less frequent compared with other recently described Aβ-specific nanoparticle dosing 
[469,468], as to minimize possible immunogenicity and improve safety [542]. 
The in vivo results demonstrated that Lip-MAb was capable of improving AD pathology in “aged” 
mice on repeated intraperitoneal injection compared with an equivalent dose of free antibody. 
Here, Lip-MAb treatment dropped circulating levels of Aβ considerably. This presumably resulted 
from improved liposomal avidity for circulating Aβ resulting in the formation of stable immune 
complexes susceptible for rapid clearance by macrophages of the reticuloendothelial system, as 
Lip-MAb structures are unlikely to reach the brain parenchyma in the absence of targeting ligands 
[543]. This suggestion is further supported by evidence of their poor uptake when bound to Aβ by 
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hCMEC/D3 cells in vitro [468]. Again, the observed reduction of brain Aβ levels with Lip-MAb 
dosing is consistent with vesicular impact on circulating Aβ levels and the peripheral-sink 
hypothesis. The effect of Lip-MAb treatment on Aβ brain burden not only correlated with the 
reduction of the ratio of hyperphosphorylated tau to total tau, but was further associated with a 
strong reduction in GFAP-positive cells (particularly in the hippocampus) [451, 453, 455]. These 
observations may reflect some capacity for damaged neurons to recover. We, therefore, propose 
that immunoPEGliposome therapy may diminish neuronal stress induced by the Aβ burden, and 
reduce gliosis. It is also possible that the peripheral immunoPEGliposome therapy may have 
triggered some proteolytic degradation of Aβ in the brain. It has also been suggested that 
circulating Aβ may cause abnormal vascular reactivity in the absence of vascular deposition or 
vessel wall dysfunction [544]. Accordingly, Lip-MAb-mediated reduction of Aβ and particularly 
Aβ(1-42), in the blood could represent a promising therapeutic strategy over recently described 
AD-specific nanomedicines [469, 485] (due to higher affinity for Aβ and less frequent dosing) to 
prevent frequent strokes due to the amyloid deposition in small arteries and capillaries in vessels 
affected by amyloidosis [48, 544]. Indeed, it has already been demonstrated that Aβ(1-42) is 
essential in parenchymal and vascular amyloid deposition [48, 49, 50, 145]. 
Our results also showed some beneficial therapeutic effects of free STAB-MAb administration in 
“aged” animals. Particularly by considering the changes in the level of GFAP protein and in the 
fact that Aβ levels in blood were increased respect to the control group meanwhile in brain were 
maintained at levels of the start of the treatment. This may have been due to the antibody 
translocation into the brain, as it has been observed that around 0.1%of the circulating 
immunoglobulins can cross through and enter the brain parenchyma [546]. Indeed, it has been 
recently observed [548] that when antibodies bind Aβ while living free certain N-terminal residues, 
passage across the BBB through RAGE is significantly improved. Moreover, a number of studies 
have suggested altered functionality of the BBB in “aged” transgenic APP/PS1 mice [545] may 
permit macromolecular (e.g., IgG) extravasation from the blood into the brain parenchyma. Within 
these notions, the quantitative contribution of the peripheral-sink effect to the final observed 
therapeutic effect of STAB-MAb, however, is difficult to measure, since depletion of circulating Aβ 
was not substantial. The results of in vitro studies with THP-1 phagocytes also confirmed that free 
STAB-MAb could marginally increase the uptake of labelled-Aβ compared with Lip-MAb. 
However, we cannot discard the possibility that administration of higher doses of STAB-MAb 
and/or shorter injection intervals would have improved its therapeutic efficacy, but in parallel, this 
could have induced immune reactions. Nevertheless, on the basis of our findings, we further 
suggest that a combination therapy involving free STAB-MAb (targeting brain Aβ and/or anti-tau 
antibodies (targeting hyperphosphorylated, aggregated, and insoluble tau in the brain), and 
immunoPEGliposomes (targeting peripheral Aβ may be even more effective in improving AD 
pathology. 
Finally, in contrast to “aged” animals, complete lack of AD improvement in “adult” mice is quite 
perplexing. These may have been due to insufficient antibody translocation into the brain 
parenchyma (as the BBB integrity is not yet compromised) and/or inadequate antibody or Lip-
MAb dosing. In line with the peripheral-sink hypothesis, another plausible explanation is 
differential reactivity of STAB-MAb with circulating forms of Aβ in “adult” animals. For instance, 
alterations of plasma protein composition and concentration (e.g., some apolipoprotein isoforms) 
may induce some conformational transformation of circulating Aβ [547], thereby masking Aβ 
binding epitopes. These possibilities may require further investigation. 
 
3.4.4. Minibody 2 in vivo pre-clinical trial discussion 
Addressing a different focus on AD immunotherapy, in this in vivo study with Minibody 2 we tried 
to confirm if the modifications on STAB-Mab actually improved the brain entry and the therapeutic 
effect in mice. 
As previously showed, Minibody 2 is a chimeric antibody wearing a scFv from STAB-Mab 
combined with an anti-insulin human scFv and a lower molecular weight that, together, would 
virtually improve the BBB crossing and brain entry. To prove this, we administrated 12 month-old 
mice with Minibody 2 (150 µg/3 weeks) and PBS, analyze several biomarkers among Aβ and 
other synaptic markers and finally performed a NOR test for analyzing any memory improvement 
derived from the treatment. 
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Regarding Aβ, Minibody 2 treatment was able to maintain blood Aβ(1-40) and Aβ(1-42) levels 
unaltered compared to the beginning of the trial, not as the control treatment, where levels were 
increased around 100%. It seems that Minibody 2 is capable to bind plasma Aβ and somehow 
trigger its clearance from blood. However, the differences between animals from the same group 
are too big for considering results significant. In brain, only Aβ(1-42) was measured, and no 
differences were found, suggesting that Minibody was not capable to cross the BBB or, at least, 
not in the sufficient amount to exert a significant effect in Aβ(1-42) burden. 
Concerning other stress, vascular and synaptic biomarkers, the biggest differences are observed 
in APP and GFAP levels, biomarkers similarly affected by the treatments. Minibody 2 
administration provoked a 500% increase of APP and GFAP production (or accumulation) respect 
to the WT group and around 50% increase respect to the control group administrated with PBS, 
denoting some sort induced neuronal stress by the Minibody 2. The approximately 300% increase 
of these biomarkers in the control Tg mice respect to the WT group may also point to genotype 
differences or maybe the administration of the immunosuppressant Fortecortin. On the other 
hand, BACE-1 expression seems to be slightly reduced in the Minibody 2 group, which could 
have contributed to elevate even more APP levels. Interestingly, P120 (p120 catenin, a 
component of the cadherin-catenin complex involved in synaptic maintenance and APP gamma-
cleavage [549, 550]) and PSD95, two synaptic markers, appear elevated in Minibody 2-treated 
group respect to the control, pointing to a hypothetically neuroprotective effect of the treatment. 
Performance in terms of memory improvement, NOR test results did not show significant 
improvements owing to Minibody 2 treatment. However, if we represent data in terms of 
percentage of the total time exploring both objects in the novel object, we can observe that 
Minibody 2 treated mice spent almost 6% more in the novel object (73.4%) than the control group 
(68.2%), and even a 2% more than the WT mice (72.3%). Nevertheless, these results are not 
sufficient to ensure that Minibody 2 administration improves nor worsens memory output in mice. 
Altogether, these results do not represent a very promising scene for the Minibody 2 as it is 
configured. The reduced binding affinity for Aβ in vitro and the strange behavior in the ELISAs 
may have hobbled its purpose. It seems, as shown in the previous chapter that, in order to 
maintain the Aβ binding capacity of STAB-Mab, it may need both antigenic terminals. There are 
other unexplored ways to re-engineer the STAB-Mab for increasing BBB crossing, such as FC 
fusion proteins [551, 552]. However, until date, none of these initiatives have reached clinical 
phases. 
Finally, the lack of an experiment for confirming the Minibody 2 BBB crossing into brain 
parenchyma due to several technical limitations during the process leaves us with a serious 
doubt: Is it actually working the anti-insulin scFv for helping the antibody to enter the brain through 
the insulin receptor? A simple way to ascertain this question could be to isotopically label a batch 
of Minibody 2 and administrate it to some animals. This could allow monitoring antibody efflux-
influx from brain or any other organ ratios and times.  
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4. Anti-tau antibodies 
 
Within the pursuit of new effective early diagnostic tools to achieve effective therapies for AD, a 
unique consortium combining neuroscientists, nanotechnologists, molecular imaging experts, 
clinicians, and enterprises was formed. This European H2020 funded initiative is the PANA 
project and is focusing its effort to develop nanostructures, in GMP-like form, that specifically 
recognize very-early molecular markers of AD for in vivo theranostic purposes. Nanostructures 
will be detectable by means of non-invasive imaging methodologies (MRI/PET) and will have the 
potential to include treatments for the disease to provide a complete theranostic action 
(https://www.panaproject.eu). 
Although the precise cause of synaptic dysfunction and neurodegeneration at early-stages in AD 
is still not clear, in recent years the importance of tau oligomers, tau protein, and its post-
translational modifications in the early pathophysiological processes of AD has become 
increasingly clear. In this regard, determination of different forms of tau protein in brain, CSF and 
also in blood has been postulated as a powerful tool for detection and monitoring of the disease 
in different stages and there is clear evidence of a profile of tau and other biomarkers 
modifications during AD progression [508]. However, there is no robust marker of tau oligomers 
for clinical diagnosis purposes available. In this direction, this project is focused on the 
development of multifunctional nanostructures for non-invasive assessment of tau oligomers in 
the brain for early diagnosis of AD. Moreover, due to the current absence of highly effective 
therapies for AD, the need to evaluate therapies targeting on post-translational changes of tau 
protein or tau oligomers has become a very attractive option. 
In the diagnostic area, multimodal PET/MRI imaging has gained attention due to the 
complementary advantages of those technologies: It provides a combination of the exquisite 
structural characterization of tissue provided by MRI with the extremely high sensitivity of PET 
imaging [508]. The aim of the new generation of hybrid imaging scanners is to precisely and 
simultaneously co-register PET and MRI dynamic data (for example flow and metabolism or flow 
and delivery), and so the introduction of this multimodal imaging technology to clinical practice 
has generated the urgent need for bimodal imaging agents. Moreover, the use of dual PET/MRI 
nanoparticle contrast agents is expected to improve the spatial resolution (the smallest object 
which can be detected) and sensitivity (smallest intensity change which can be found) of each 
modality [508]. Therefore, PANA project aims to develop nanostructures that specifically 
recognize very-early molecular markers of AD for in vivo diagnostic purposes. These 
nanostructures would be detectable by means of non-invasive imaging methodologies (MRI/PET) 
for in vivo AD diagnosis purposes. 
As part of the PANA Project, our main objective was to generate the new anti-tau antibodies that 
later on will be used in high affinity nanostructures focused on tau oligomers, which can be used 
as a theranostic agent for diagnosis of AD at early stages of the disease as well as a new 
therapeutic approach for this neurodegenerative disease. 
Based on recently high-impact published works [219, 571], it was decided to develop a new 
monoclonal antibody for targeting acetylated tau. The almost complete absence of antibodies 
targeting acetylated tau, together with the increasing evidences of the importance of such 
posttranscriptional modifications in tau aggregation and loss of function pushes the consortium 
towards it. However, for increasing the success chances of the project, it was decided to develop 
a second antibody raised against phosphor-tau, one of the main suspects related to pathological 
tau during the last decades [181, 182, 391, 398]. The focus in this case was to find a similar or 
better antibody to the gold-standard AT8 [300] with analytical purposes but also with potential for 
diagnosis and therapy. 
 
4.1. Immunogen selection and preparation 
Two sequences of tau protein were chosen as immunogens for the new antibodies development. 
Each one with different post-transcriptional modifications based on their relation with different 
disease states and pathologic mechanisms. 
One fragment, including residues belonging to the Proline-rich domine of tau, was chosen 
according to some recent findings supporting a relevant role of some acetylated residues in 
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microtubule assembly, tau degradation and aggregation. Particularly, some sites associated to 
the early pathology in both the brain of human AD patients as well as tau mice models relevant 
for the project were selected [218,219]. One of such acetylations has also been recently linked to 
microtubule destabilization and tau degradation inhibition [216] 
The other fragment encompasses a sequence of residues close to repeated domain that seem to 
be an important target of several phosphorylations, very well-known post-transcriptional 
modifications related to microtubule reduced affinity and aggregation of tau. The election of this 
immunogen was given to the need of having a “backup” more reliable for aggregated tau targeting 
in the case of failing in the objective of finding a specific antibody for the acetylated tau 
[181,182,183,184]. 
 

Note: Due to confidential issues, it is not possible to disclose the selected sequences and post-
transcriptional modifications of the immunogens. 

 

 

4.2. Immunization and mice screenings 
10 BALB-C mice (5 mice with each immunogen) were inoculated with the immunogens fused with 
KLH immunogenic protein 3 times including during the last 3 weeks and with a last intravenous 
boost 3 days before sacrificing and spleen harvesting (Figure 4.1). 
 

 
Figure 4.1. Immunization scheme. Mice were intraperitoneally injected 3 times with the immunogen plus adjuvant and a 
final intravenous boost without adjuvant just 3 days before harvesting spleens and performing the fusions.  

 
Before the last boost, 2 out of 5 mice inoculated with the phosphorylated fragment had developed 
a good immunologic response while all the mice inoculated with the acetylated fragment showed 
high antibody production. All mice were used for fusion for increasing the chance of finding a 
specific antibody, especially difficult in the case of the acetylated immunogen (Figure 4.2). 
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Figure 4.2. Immunization graphics for both acTAU and pTAU immunogens for the 10 mice bleedings before the start of 
the treatment and after every inoculation. It was strongly noticeable that the immunogenicity of the acTAU peptide (all 
mice reacted) (A) it was remarkably higher than with the pTAU immunogen (B), against which only two mice showed to 
produce the wanted antibodies. 

 
4.3. Selection and production of best clones 
4.3.1. Semi-solid medium-based selection 
Mouse 3 immunized with the phosphorylated peptide and the mouse 2 immunized with the 
acetylated one were selected for fusion and screening via semi-solid method using the ClonaCell 
HY kit. The fusion mixes were plated in T75 culture flasks and grown for 24 hours for reducing 
the fibroblasts contamination in the semisolid medium. After that, fused cells were plated in 6-well 
culture plates using the semi-solid selection medium following the instructions of the 
manufacturer. 
A total of 14 plates (7 for each mouse) were filled with the fusion product and incubated for 15 
days. After that, the isolated colonies were picked and plated in 96-well plates with liquid medium. 
When most wells were about 75% confluent, the plates were screened for reactivity against the 
immunogens (Figure 4.2). A total of 68 positive colonies for pTAU immunogen and 33 positive 
colonies for acTAU immunogen were isolated in 96-well plates and submitted to a second 
negative screening. 
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Figure 4.3. Scheme and results of the first screening of the picked colonies from semi-solid medium. 68 positive colonies 
for pTAU immunogen and 33 positive colonies for acTAU immunogen were isolated in 96-well plates. 
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After positive clones were identified, we selected them for a second negative screening for the 
peptides without post-transcriptional modifications. Unfortunately, we did not manage to isolate a 
single specific clone for the immunogens wearing the post-transcriptional phosphorylations nor 
acetylations. Only 2 clones for the phosphorylated immunogen (K1D1 and K2D5), and 3 clones 
(K1A1, K1C3 and K1D5) for the acetylated peptide showed antibody production above cut-off 
levels (Figure 4.4). These clones were expanded and stored in LN2. 
 

 

 
Figure 4.4. Results of the second screening of the anti-pTAU (A) and anti-acTAU (B) clones obtained by the semi-solid 
medium technique. There was not possible to identify any clone expressing only specific antibodies against any of the 
peptides wearing the post-transcriptional modifications (blue bars) instead the peptides without post-transcriptional 
modifications (grey bars). Coating: 1 µg/mL of peptide. Secondary ab used: mice IgG1anti-gamma chain. 

 
4.3.2. Traditional limiting dilutions-based selection method 
On the other hand, results of the traditional method using fusion and limiting dilution for isolating 
clones, were different. The fusions were performed in liquid medium and two 96-well plates were 
seeded for each mouse, 16 96-well “Master Plates” in total. After 15 days of feeding with HAT-
supplemented medium, most of the wells were about 75% confluent and was time for the first 
screening prior to limiting dilution. Results are schematized below, including the graphic 
representation of the limiting dilution results from some of the selected wells from the Master 
Plates” (Figures 4.5 and 4.6). 
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Figure 4.5. Schematic results from the pTau-immunized mice. There are shown “Master Plates” first screening and the 
subsequent screening for specificity of some clones isolated from “Master Plates” selected wells. Two specific clones 
isolated from from Plate#3, well C2 - namely, clones D4 and B6. Screening results are showed below. 
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Figure 4.6. Schematic results from the acTau-immunized mice. There are shown “Master Plates” first screening and the 
subsequent screening for specificity of some clones isolated from “Master Plates” selected wells. 

 
Cells from 119 wells on the master plates were positive for the acetylated peptide and 28 were 
positive for the phosphorylated peptide. Those cells were expanded in cell culture 24 and 6-wells 
prior to seed T75 flasks and stored in LN2 or cloned by limiting dilution for obtaining single clone 
cell lines producing specific antibodies for the immunogens. The clones resulting were tested for 
assessing antibody production yields and selected for subcloning or expansion and antibody 
production (Figure 4.7). 

 

 
Figure 4.7. ELISA results of the screening of the best clones producing anti-acTAU (A) and anti-pTAU (B) antibodies. 
Coating: 1 µg/mL of peptide. Supernatant dilution 1:1000. Secondary ab used: anti-gamma chain of mice IgG1. (C) 
1BA11F01 clone and derived subclones screening. Coating: 1 µg/mL of peptide. Primary ab dilution 1:1000. Secondary 
ab used: anti-gamma chain of mice IgG1 
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The 4 lines derived from of acTAU 1BA11F01 subcloning (Figure 4.8) were expanded and the 
purified product (1 mg each, produced following the protocol described previously for the STAB-
Mab) was delivered among the purified product from anti-pTAU 6AE02B06 and 6AE02D04 to the 
partners of the PANA project (labelled in red in Figure 4.9) for further characterization. 
 

Figure 4.8. Histogram with ELISA results from the screening of the best subclones producing anti-acTAU derived from 
1BA11F01 clone. 

 
After 3 subclonings and subsequent screenings we reduced the pull of more that 140 wells to 12 
clones and 5 subclones for the acetylated immunogen and 7 clones for the phosphorylated 
immunogen (Figure 4.9).  
 

 
Figure 4.9. Scheme of all the subclones obtained by traditional fusion and selection method. Beginning with certain wells 
in the “Master Plates” and making several limiting dilutions we managed to isolate several clones (in bold) and subclones 
for each immunogen. Some of them were selected for expansion and antibody production for subsequent characterization 
(labelled in red). 

 
4.4. Chapter 4 discussion 
The acetylated peptide was chosen as the first immunogen based on previous partners´ 
experiences, considering the animal and cell models that will be used ahead in the PANA project 
and, obviously, based on the most recent publications assessing the tau acetylation´s role in AD 
pathology. As previously remarked, the selected acetylation sites have been associated to the 
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early human AD pathology stages [218, 219], and have also been recently linked in the same way 
to microtubule destabilization and tau degradation inhibition [216]. 
The second chosen fragment, including several phosphorylated residues is close to the repeated 
domain, seems to be an important target of several well-known post-transcriptional 
phosphorylations related to microtubule reduced affinity and aggregation of tau. This fragment 
harbors several phosphorylated residues that have been linked to microtubule reduced affinity of 
tau [181, 182, 183, 184, 510]. As previously pointed, the election of this immunogen was also 
given to the need of having a more solid option for aggregated tau targeting in the case of failing 
in the primary objective of finding a good antibody for the acetylated tau. 
The first screenings performed in the immunized mice showed good immunoreaction to the 
acetylated immunogen in all mice, but only two mice (2 and 3) injected with the phosphorylated 
immunogen developed detectable antibodies against the peptide. Although the reason is 
unknown, due to both peptides were conjugated with the same KHL carrier protein, the same 
adjuvants, and the same protocols, it is possible that the phosphorylations are not as 
immunogenic as the acetylations in tau peptides. 
After fusion and selection, only 2 positive clones for the phosphorylated peptide and 3 for the 
acetylated peptide were obtained from the semi-solid method using the kit from ClonaCell. 
Moreover, none of the isolated clones from the semi-solid method resulted to be specific for the 
peptides wearing the acetylations or phosphorylations. Once again, although this could be due to 
the mice selected for fusions and clonings using the semi-solid method were not the ones showing 
the highest immunoreactivity in the screenings, the reason is unclear. 
Using the limiting dilution traditional method, we obtained 119 positive wells from the acTAU 
master plates and 28 more from the pTAU master plates which were expanded and added to the 
LN2 biobank. Afterwards, we started to clone and re-screen these samples for isolating single 
clones producing antibodies specifically recognizing phosphorylated or acetylated tau peptides 
and we managed to isolate and expand 5 subclones with good performance and specificity for 
acTAU immunogen and 2 more for pTAU immunogen (Table 4.1)  
 

Table 4.1. The final selected subclones were sent to the PANA project partners for further characterization, 
final selection, and nanostructures functionalization. 

Anti-acTAU Anti-pTAU 
1B A11 F01 A10 6A E02 B06 
1B A11 F01 C12 6A E02 D04 
1B A11 F01 D08  
1B A11 F01 D09  
1B A11 F01 E11  

 
These subclones were cultured and the supernatants purified according to the protocol described 
using G-protein affinity columns. 1 mg of each purified product was sent to the PANA Project 
partners for further characterization. 
As previously exposed, the importance of finding a reliable and potent tool for targeting these 
specific pathological forms of tau is remarkable, allowing in the future the use of them (or 
fragments of them) in the nanostructures designed for diagnosis, for passive immunotherapy or 
even for delivering other drugs to specific areas in the brain. 
Another remarkable aspect is that until date, there is not a unique commercially available 
monoclonal antibody against any acetylated form of tau [219, 509]. This may be due to the 
difficulty to elicit a sufficient immunoreaction in the animals against this specific post-
transcriptional modification, but in our case, at least, the response to the immunization was more 
than satisfactory. We will have to wait for the biochemical characterization of our anti-acTAU 
antibodies to confirm the success of the experiment. 
Regarding the pTAU antibody, as we used a similar immunogen, we may expect to observe 
similar characteristics to the gold-standard AT8, an antibody widely used in research and AD 
diagnosis for identifying hyperphosphorylated tau and paired helical filaments (PHF) in 
immunostainings, WB, ELISAs, etc. [181, 182, 183, 184, 391, 398, 510]. The first paper describing 
a research performed by the PANA consortium using this antibody, “Intranasal insulin activates 
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Akt2 signaling pathway in the hippocampus of wild-type but not in APP/PS1 Alzheimer model 
mice”, was recently published [572]. In such work, the developed anti-pTAU (clone 6A E02 B06) 
performed exceptionally, so the researchers opted for using it, instead the gold-standard AT8, for 
the immunoblottings. 
Nowadays, accordingly to NHIS database, only four passive immunotherapy-based drugs 
reached clinical phases and only 3 are still active [406, 407, 554]. All of them specifically binds 
extracellular forms of tau, except for the GR7345, that was discontinued in phase I. No one targets 
intracellular nor acetylated forms of tau, and considering the recently observed importance of 
these post-transcriptional modifications have in tau-associated pathologies [216, 217, 219, 571], 
to have the opportunity to develop a monoclonal antibody targeting acetylated tau is a very 
exciting and encouraging perspective. Now, future actions are conditioned by the characterization 
results of the isolated clones, what will determine if we must go back for seeking for new clones 
or, on the other hand, move ahead with the development of the different GMP-like forms of the 
antibodies and to large-scale production. 
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5. Conclusions 
 
5.1. Overall discussion 
Our data on STAB-Mab characterization, from immunostainings to TEM, allow us to confirm the 
good performance of the antibody in a variety of conditions, techniques and samples, at the same 
level to the most used antibodies in clinic and research. Data also encourage us to propose a 
quite attractive hypothesis for explaining the therapeutic mechanisms of action of the antibody 
and its potential. It may be possible that the antibody is somehow capable to stabilize the helical 
structures formed by the Aβ in polar aqueous environments and impede the formation of β-strand 
structures. By binding most of the residues located in the region His13-Asp23 and the Lys28, 
directly involved in the formation of such secondary and more complex β-sheet tertiary and 
quaternary structures, could difficult the aggregation of Aβ and/or even destabilize those pre-
formed aggregates. The therapeutic potential behind those mechanisms is remarkable, as it was 
also confirmed in the in vivo assays. 
In fact, the multivalent PEGylated immunoliposome-based therapeutic approach tested, that may 
boost the therapeutic effect through the peripheral depletion of Aβ and/or peripheral-sink effect 
proved to be highly effective [468]. Something confirmed with another kind of synthetic PEGylated 
nanoparticles of poly[hexadecyl cyanoacrylate-co-methoxypoly(ethylene glycol) cyanoacrylate] 
(P(HDCA-co-MePEGCA) in a recently published study using the STAB-Mab [470], where the 
treatment of AD-like transgenic mice with such nanoparticles led to complete correction of the 
memory defect; significant reduction of the Aβ soluble peptide and its oligomer level in the brain 
and significant increase of the Aβ levels in plasma. This study represents the first example of 
Aβ(1-42) monoclonal antibody-decorated nanoparticle-based therapy against AD leading to 
complete correction of the memory defect in an experimental model of AD. These pegylated 
nanoparticle-based approaches seem to be advantageous over other recently described attempts 
with related AD-specific nanosystems (e.g., sphingomyelin/phosphatidic acid based Aβ-binding 
liposomes decorated with BBB-specific targeting ligands) [469]. First, NPs-MAb showed improved 
target binding due to their high avidity, and required less frequent dosing) compared with other 
contemporary attempts [469, 485], which could minimize possible risks of immunogenic 
responses. Second, non-PEGylated AD-specific nanoparticles do not circulate for prolonged 
periods in the blood [469]. This reduces their chance of capturing circulating Aβ prior to their 
interception by macrophages of the reticuloendothelial system. 
In this regard, there is a need of further investigation for better understanding of the mechanisms 
of action behind the effect of the antibodies we are working with. The crystal structure of the 
STAB-Mab complexed with the Aβ peptide is mandatory for unveiling the interaction and the 
mechanism behind the behaviors we have observed in the present work. Moreover, it is still critical 
to further understand the mechanisms by which those nanotechnology approaches exert their 
therapeutic efficacy, and within the context of integrated disease progression, and the role of 
immune system in both AD and nanoparticles processing. Improved understanding of these 
events may aid the development of multifunctional and personalized AD-specific nanomedicines 
either alone or more importantly in combination with free antibody therapeutics (e.g., anti-Aβ 
and/or anti-tau antibodies), and/or interventions that specifically modulate the functionality of the 
cerebral capillary-endothelial cell interface, nowadays one of the main handicaps in AD therapy 
[553]. 
Disappointingly, the chimeric minibodies did not perform as expected. Too many variables could 
be influencing the results we have observed, from the excessive storage time between the 
production and the characterization, to their controversial structure, which could be the reason for 
the lack of affinity of the Minibody 1 and the strange behavior of Minibody 2. It would be also 
necessary to confirm if the presence of the scFv against human insulin and its human FC 
increases its chances for crossing the BBB. 
Regarding the novel anti-pTAU antibodies developed within this work, promising data from WB 
using samples from brain animal models and CSF and brain patient´s samples are confirming an 
exceptional performance, above well-stabilized alternatives such as the gold-standard AT8, of the 
clone 6A E02 B06. However, controversial results are coming from the analysis of similar samples 
with the antibodies against acTAU (data not shown). There could be due many reasons: (i) to the 
mechanism of action of the antibody; (ii) to the actual exposition of the residues that specifically 
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binds within the full length tau protein; (iii) because of the difficulty to find solid positive and 
negative controls. This last is a mandatory requisite for a reliable evaluation of the antibodies’ 
performance. After that, further characterization, as it has been performed for the STAB-Mab, 
including an analysis of its crystal structure complexed with the antigen, should be completed. 
The remarkable potential of these antibodies must be explored. 
 
5.2. Results summary 
The work carried out during the last 4 years have fulfilled all the objectives proposed in this thesis, 
and left open a great potential for future developments not only within the STAB-VIDA company 
but also in AD immunotherapy. 
The successfully developed anti-acTAU and pTAU antibodies are nowadays under 
characterization, opening a good start for the design of new diagnostic procedures, optimization 
of the existing ones and to explore new AD immunotherapeutic approaches targeting new 
pathologic forms of tau. 
The setting up of a whole new facility for production and purification of monoclonal antibodies was 
a success. STAB-Mab antibody is nowadays ready to be produced in different platforms, purified, 
stored and sold to the clients. 
The characterization of STAB-Mab confirmed some expected features and unveil several new 
characteristics that make it a very interesting antibody, both for research and therapy. Further 
analysis should be carried out in order to fully understand the mechanisms of action and the real 
potential of such antibody. 
New therapeutic approaches were addressed in this thesis, using the STAB-Mab as the “core” of 
the assays. The promising in vivo data published in the paper that is part of this thesis and in 
others open another window to continue exploring the nanoparticle approach for AD 
immunotherapy. 
Although the original antibody from it was derived reported such promising results, Minibody 2 
did not seem to perform as well as STAB-Mab. The poor affinity for the Aβ peptide and the 
unspecific binding to other surfaces made almost impossible to analyse in depth its behavior, and 
the lack of significant improvements in mice treatment make obvious the need of a re-engineering. 
 
5.3. Final remarks 
The time of the rigid model of the "amyloid hypothesis" for addressing such a complex disease 
as AD and for developing treatments against it has ended. We already have enough evidences 
for believing that amyloid is not the only player in AD development. Amyloid deposition begins 
decades before the apparition of the first dementia symptoms and some individuals with 
substantial amyloid burdens never develop dementia. Furthermore, amyloid measures are not 
always correlated with dementia and variates with a number of conditions. Beyond this, most of 
the recent “traditional” clinical approaches exclusively based on targeting Aβ have shown no 
substantial impact on the disease progression. The possibility of that amyloid pathology could be 
a down-stream or a side-stream process part of a bigger degenerative mechanism that implies 
various pathologic changes is something we must consider. This is also supported by recent 
works demonstrating the implication of other factors such as tau metabolism, infections, or other 
metabolic disorders that may lead to amyloid deposition. 
These observations should push us, the researchers, the universities and the governments to 
invest resources, to develop more effective diagnostic techniques, to test new therapeutic 
approaches and, of course, to re-think from the origin(s) this complex and serious disease over 
the tons of data we are acquiring every day. The worldwide social importance and the still hidden 
origin(s) and pathways of this disease make AD an incredibly exciting field from the research 
point of view, and as it is, I wish to get another chance as the one I had 4 years ago for continuing 
exploring its riddles and mysteries. 
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6. Materials and Methods 
 
6.1. Material 
6.1.1. Plastics and consumables 
Cell culture plates and flasks were provided by Corning (96-well plates ref. #3595, 24-well plates 
ref. #3738, 6-well plates ref. #351146, T25 flasks ref. #431463, T75 flasks ref. #353133, T150 
flasks ref. #431465). Vacuum filters (ref. 514-0300, ref. 514-0297), 50 mL conical tubes (ref. 525-
0447), syringes (ref. 613-2044, 613-2047) and serological pipets (ref. 612-3703, ref. 612-3700, 
ref. 612-1270) were supplied by VWR. Cryotubes for LN2 biobank were from NUNC (ref. 368632). 
HiTrap protein G columns (ref. 17-0404-03, ref. 17-0405-01) were supplied by GE Healthcare. 
High binding Greiner Microlon Flat Bottom Black 96-well ELISA plates were supplied by PVL. 
 
6.1.2. Media and reagents 
DMEM Glutamax™ medium (ref. 61965240), Fetal Bovine Serum (FBS) (ref. 10270106), HAT 
supplement (ref. 21060017), HT supplement (ref. 11067030), MEM supplement (ref. 11140035), 
Penicillin/Streptomycin antibiotic (ref. 10378016), 2-mercaptoethanol (ref. 21985-023), recovery 
cell culture medium (ref. 12648010), Recovery™ Cell Culture Freezing Medium (12648010) and 
PEG-4000 (ref. A16151) were provided by ThermoFisher. HEPES (ref. L0180-100), sodium 
pyruvate (ref. L0642-100), PBS tabs (ref. E404-200TABS), DMSO (ref. 0231-500ML), bath 
antifungal solution (ref. 462-7000), Incuwater clean solution (ref. A5219), Tween 20 (ref. 
28829.183), HCl (ref. E447), glycine (ref. 15527-013) were supplied by VWR. Sodium phosphate 
(ref. S-0876), Ammonium chloride (A9434-500G), SP2/0 Ag14 myeloma cell line and gentamicin 
solution (ref. G1272) were supplied by Sigma. FBS with ultra-low IgG content was bought from 
Pan Biotech (ref. P30-2801). HyClone endotoxin free water (ref. SH30529.02) and HyClone PBS 
(ref. H30256.01) were from GE Healthcare. ClonaCell HY kit was supplied by StemCell. HCFS 
(11363735001) was supplied by Roche. Fortecortin (Sigma), Freund adjuvant (Thermo). 1,2-
Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), cholesterol, L-cysteine, anhydrous dimethyl 
sulfoxide and 1,1,1,3,3,3- hexafluoro-2-propanol (HFIP) were obtained from Sigma-Aldrich 
(Copenhagen, Denmark). 1,2-Distearoyl-sn-glycero-3- phosphoethanolamine-N-
[methoxy(polyethylene glycol)2000] ammonium salt (mPEG2000-DSPE), 1,2-distearoyl-sn-
glycero-3- phosphoethanolamine-N-[maleimide(polyethylene glycol)2000] ammonium salt (MPB-
PEG2000-DSPE), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B 
sulfonyl) ammonium salt (Liss-Rhod-PE) and polycarbonate filters were from Avanti Polar Lipids, 
Inc. (AL, USA). Phosphocholine assay kit was obtained from MTI diagnostics GmbHP (Idstein, 
Germany). Novex SilverXpress Silver Staining Kit, Novex 4-12% Bis-Tris Gel 1.0 mm 12 well, 
Novex SDS Sample Buffer, NuPAGE Reducing Agent, Novex Tricine SDS Running Buffer, 
CBQCA Protein Quantitation Kit, Qubit Protein Assay Kit, Novex® ECL, chemiluminescent 
substrate and Hoechst 33342 nuclear dye were purchased from Life Technologies (CA, USA). 
Boric acid and Amicon Ultra Centrifugal Filters 3 kD and 50 kD were obtained from MERCK KGaA 
(Darmstadt, Germany). Sepharose CL-4B gel was obtained from GE-Healthcare (Brøndby, 
Denmark). Lepirudin (Refludan®) was from Hoechst (Frankfurt-am- Main, Germany). Compstatin 
and the control peptide were a kind gift from Prof. Tom Eirik Mollnes (Oslo University Hospital, 
Norway). 
 
6.1.3. Antibodies 
Antibodies 6E10 anti-Aβ monoclonal antibody from Biolegend (SIG-39320-200), Y188 anti-APP 
monoclonal antibody from abcam (ab32136) and 4G8 anti-Aβ monoclonal antibody from Acris 
Antibodies (AM00003 PU-N) were used for comparing with Anti-Aβ STAB-MAb. For slices 
staining characterization and comparison of Anti-Aβ STAB-MAb, anti-APP (H, M, R) Antibody, C-
Terminal (Rabbit Poly. Sigma A8717), Aβ Antibody (Rabbit Poly, Cell Signaling #2454), Anti-APP 
22C11, N-Terminal (Mouse IgG1 Monocl. Millipore MAB348), 6E10, Human Beta amyloid (Mouse 
IgG1 Monocl. Covance SIG-39320). Anti-mouse IgG1 HRP-conjugated antibody from SIGMA 
was used as secondary antibody for the ELISA and WB. Antibodies for different biomarkers used 
were obtained from several sources: anti-Arc and anti-Tau5 antibodies were from Abcam 
(Cambridge, UK); anti-synapsin, anti-PSD95, anti-BACE (D10E5), and anti-GAPDH were from 
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Cell Signalling Technology (MA, USA); anti- Aβ (1-16, 6E10) was from Covance (CA, USA); anti-
GFAP was from Dako (Glostrup, Denmark); anti-PHF1 was kindly provided by Dr. P. Davies 
(Albert Einstein College of Medicine, New York, USA). 
6.1.3.1. Synthetic peptides 
The Aβ peptides and peptide fragments used in the ELISAs, WBs and MALDI experiment were 
provided by different sources: Aβ (1-40) (SP-BA40-1), Aβ (1-42) (SP-BA42- 1), Aβ (1-43) (SP-
BA43-5), Aβ (29-40) (SP-BA2940-1), Aβ (29-42) (SP-BA2942- 1) and Aβ 25-35 (SP-BA2535-1) 
were supplied by Innovagen (Lund, Sweden), whereas fragments Aβ (1-11) (ab120834) and Aβ 
(12-28) (ab120838) were supplied by abcam (Cambridge, UK), and fragment Aβ (35-42) 
(RP20145) was obtained from BioNova Cientifica SL (Madrid, Spain). Aβ peptides and peptide 
fragments were diluted to 0.5 mg/mL in 10 mM NH4OH and incubated at room temperature for 
10 min. Samples were sonicated for 10 min in a sonicator bath. The final preparation was 
desiccated (SpeedVac) and stored at -80 ºC. Prior to use, samples were re-suspended in 60 mM 
NaOH. For NMR epitope mapping 15N Aβ (1-40) (supplied as a lyophilized powder by Alexa 
Biotech) and 15N Aβ (1-42) (supplied as a lyophilized powder by Jena Biotek) were resuspended 
in DMSO at a concentration of 2 mM and used immediately or frozen at -20ºC. p-TAU and acTAU 
peptides conjugated with KHL carrier protein were chosen as immunogens and versions without 
KLH carrier protein and negative controls without post-transcriptional modifications, were all 
synthetized by Genecust.  
 
6.1.3.2. Proteases 
Trypsin from porcine (ref. T6567), LysC endoproteinase (ref., P3428) and GluC endoproteinase 
(ENDOGLUS-RO) were bought from Sigma). 
 
6.2.  Methods 
6.2.1. STAB-Mab and anti-tau antibodies production and purification 
6.2.1.1. Used media 
Old recipe: Complete DMEM media were supplemented with sodium pyruvate (0.1 mM), HEPES 
(10 mM) and gentamycin (10 mg/L). 10% of standard filtered (0.45 µm) heat-inactivated FBS 
(DMEM +) was also added for expansion. For production, the same FBS were IgG-depleted using 
protein G affinity columns (GE Healthcare) and the same protocol used for antibody purification 
prior adding to the media. 
New recipe: Complete DMEM media were supplemented with sodium pyruvate (0.1 mM), HEPES 
(10 mM), 2-mercaptoethanol (0.05 mM) and penicillin-streptomycin or gentamycin (10 mg/L) 
when necessary. 10% of standard filtered (0.45 µm) FBS (DMEM +) or ultra-low IgG FBS (DMEM 
-) was also added depending on the needs.  
All media was filtered through 0.22 µm PES vacuum filters and stored aliquoted at 4ºC until use. 
Storage medium: 0.45-filtered heat-inactivated FBS was supplemented with 10% of DMSO and 
filtered through 0.22 PES syringe filters and stored aliquoted at -20ºC until use. 
 

Table 6.1. Comparison of the two recipes used for antibody production 

Old recipe New recipe 

DMEM DMEM Glutamax (Gibco) 

10%FBS IgG depleted in lab Commercial Ultra-Low IgG 10%FBS 

10 mM HEPES 10 mM HEPES 

0.1 mM Sodium Pyruvate 0.1 mM Sodium Pyruvate 

10 mg/L Gentamicin 10 mg/L Gentamicin 

 0.05M 2-mercaptoethanol 

 
 



 107 

6.2.1.2. Antibody production 
Different clones were cultured in T150 cell culture flasks refreshed each 48 hours with DMEM 10- 
or in disposable bioreactors. CELLine and MiniPerm bioreactors were inoculated with the 
recommended number of cells and refreshed following manufacturer indications. Samples for cell 
doubling times quantification and production yield evaluation were taken each 12 hours. 
 
6.2.1.3. Antibody purification 
Supernatant from hybridomas cultures were collected, centrifuged in 50 mL sterile conical tubes 
(VWR) at 1000 g to separate cell rests and bigger aggregates and filtered by 0.45 µm before 
passing through Protein G columns (GE Healthcare) with an AKTA Prime System (GE 
Healthcare). Depending on the supernatant volume columns with 1 or 5 mL were used 
maintaining a flow rate between 1 and 1.5 ml/min. 0.22 µm filtered sodium phosphate 20 mM pH 
7, 100 mM glycine-HCl pH 2.5 and 1M Tris-HCl pH 9.0 solutions were used as 
binding/equilibration, elution and neutralization buffers respectively. Columns were washed with 
miliQ water and kept in ethanol 20% at 4ºC when not used as recommended. 1-2 mL fractions 
(plus 40-80 µL of neutralization buffer) were collected and dialysed for 24 h with 3 buffer 
exchanges at 4ºC in sterile 0.1 M PBS (AMRESCO) using Float-A-Lyzer cassettes 
(ThermoScientific). Dialyzed product was finally concentration-assessed by Bradford assay (BGG 
from ThermoScientific was used as standard), aliquoted and used immediately or stored at -20ºC 
and 1 mg/mL. For higher concentrations, Vivaspin 4 concentrators (Sartorius) were used. 
 
6.2.1.4. Quality control 
Bradford using bovine gamma globulin (BGG) standard was used for total protein quantification. 
ELISA with Aβ(1-42) or pTAU/acTAU peptides coating were used for assessing supernatant 
antibody content and functionality of purified monoclonal anti-Aβ STAB-Mab and for anti-pTAU 
and anti-acTAU antibodies, respectively. The protocol is described in Table 6.2: 
 

Table 6.2. ELISA parameters for quality control of antibodies production. 

Stage Reagent Concentration Diluent Incubation 

Coating Tau/pTau/acTau/Aβ 0.1 µg/mL (Tau/Aβ) Carbonate/Bicarbonate buffer 
pH 9.2 O/N at 4ºC 

Washing Washing Buffer 0.1M PBS 0.05% T20 PBS-Tween20 pH 7.4  
Blocking Blocking Buffer 3% BSA 0.1M PBS 0.05% T20 pH 7.4 1h at 37ºC 
Washing Washing Buffer 0.1M PBS 0.05% T20 PBS-Tween20 pH 7.4  
Samples Filtered Supernatant 1:1000-20,000 0.1M PBS pH 7.4 1h at 37ºC 
Washing Washing Buffer 0.1M PBS 0.05% T20 PBS-Tween20 pH 7.4  
Secondary 
Ab 

Rabbit anti mouse 
IgG1-HRP 1:2000 0.1M PBS 0.05% T20 1% BSA  1h at 37ºC 

Washing Washing Buffer 0.1M PBS 0.05% T20 PBS-Tween20 pH 7.4  

Substrate One-Step Ultra TMB 1x N/D 3 min at RT 

Stop 
reaction H2SO4 1M MiliQ H2O  

 
 
6.2.2. Production of anti-tau monoclonal antibodies 
6.2.2.1. Used media 
Complete DMEM media was supplemented with sodium pyruvate (0.1 mM), HEPES (10 mM), 2-
mercaptoethanol (0.05 mM) and penicillin-streptomycin or gentamycin (10 mg/L) when 
necessary. 10% (DMEM 10) or 20% (DMEM 20) of standard filtered FBS (DMEM +) or ultra-low 
IgG FBS (DMEM -) was also added depending on the needs. HAT and HT supplements were 
used for hybridomas selection in recommended concentrations. All these media were stored at 



 108 

4ºC until use and warmed in a warm bath immediately before use. Cell storage medium were 
composed by heat-inactivated filtered FBS plus a 10% of DMSO and kept at -20ºC.  
6.2.2.2. Mice immunization 
For anti-TAU monoclonal antibodies generation, acetylated, phosphorylated and negative control 
TAU peptides for the ELISAs were delivered lyophilized and resuspended in PBS at 2 mg/mL. 
TAU peptides used as immunogens fused with KLH were resuspended in water with 10% DMSO 
at 0.7 mg/mL due to the lower solubility. Before administration, peptides were brought to 0.3 
mg/mL and a final PBS concentration of 10 mM and mixed with equal volume of CFA(complete 
Freund´s adjuvant)/IFA (incomplete Freund´s adjuvant) for creating the emulsion using Luer lock 
glass syringes. 
Five 3 months-old BALB/C mice were immunized per immunogen according to the following 
scheduled pattern: Day 1, first intraperitoneal (IP) administration of 50 µg of immunogen among 
CFA. Days 12 and 20, second and third IP administration of 50 µg of immunogen among IFA. 
Day 44, final intravenous (IV) (tail) boost with 100 µg using PBS as vehicle. Animals were also 
bleed on days 1, 30 and 44 for testing sera immunoreactivity against the immunogens by ELISA. 
Tail bleeds were taken from each mice per immunogen and centrifuged at 6000 rpm for 10 min 
at RT. The serum was collected and stored at -20°C until screening. ELISAs were performed 
following the protocol in Table 6.3 using concentrations of 5 µg/mL for coating plates and the 
absorbance values were read in a Biotek Microplate reader at 450 nm. 
 

Table 6.3. ELISA parameters for antibodies screening. 
Stage Reagent Concentration Diluent Incubation 

Coating pTau/acTau 1-5 µg/mL Carbonate/Bicarbonate buffer 
pH 9.2 O/N at 4ºC 

Washing Washing Buffer 0.1M PBS 0.05% T20 PBS-Tween20 pH 7.4  
Blocking Blocking Buffer 3% BSA 0.1M PBS 0.05% T20 pH 7.4 1h at 37ºC 
Washing Washing Buffer 0.1M PBS 0.05% T20 PBS-Tween20 pH 7.4  
Samples Filtered Supernatant 1:500/1:1000-20,000 0.1M PBS pH 7.4 1h at 37ºC 
Washing Washing Buffer 0.1M PBS 0.05% T20 PBS-Tween20 pH 7.4  

Secondary Ab Rabbit anti mouse 
IgG1-HRP 1:2000 0.1M PBS 0.05% T20 1% 

BSA  1h at 37ºC 

Washing Washing Buffer 0.1M PBS 0.05% T20 PBS-Tween20 pH 7.4  

Substrate One-Step Ultra TMB 1x N/D 3 min at RT 

Stop reaction H2SO4 1M MiliQ H2O  

 
Three days after final IV boost all mice were sacrificed with CO2 and spleens harvested. Cells 
were separated from debris and passed through a mesh for creating a cell suspension. Cells were 
centrifuged in a swinging-out rotor at 400 g and washed once with ammonium chloride solution 
for red cells lysis and 3 times with PRE-warmed serum free DMEM before fusion. 
 
6.2.2.3. Cell fusion (liquid medium) 
Ag14 sp2/0 myeloma cell line was used as partner for spleen cells fusion, cultured in Complete 
DMEM 10+ and expanded in the previous 10 days before fusion for achieving the necessary cell 
number for al fusions. Cell suspensions from mice 1, 3, 4, 5, 6, 8, 9 and 10 spleens were fused 
in Complete DMEM serum free with previously expanded Ag14 sp2/0 myeloma cell line in a 1:1 
ratio adding drop-by-drop a pre-warmed 50% PEG4000 solution and plated in 96-well cell culture 
plates with Complete DMEM 20+. Two 96 well plates (master plates) were plated for each mouse, 
incubated in the CO2 incubator and fed on days 1, 2, 3, 4, 5, 7, 9 and 11 with DMEM 20+ HAT 
supplemented. On day 14 HAT supplemented media was substituted by HT supplemented media 
and on day 15 both supplements were retired. In 3 days confluency was about 50% and cells 
ready for the first screening. 
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6.2.2.4. Cell fusion (semi-solid medium) 
Cell fusions from mice 2 (immunized with acTAU) and 7 (immunized with pTAU) were performed 
according to manufacturer´s instructions (ClonaCell-HY kit from StemCell) using the same 
myeloma cell line than in the previous method. 
 
6.2.2.5. Screening 
Screenings were performed by ELISA following the procedures described in Table 6.3. Positive 
wells were expanded to 24 well plates and to T25 cell culture flasks for freezing and storing in 
liquid nitrogen and brought to a second negative screening using TAU peptides without 
posttranscriptional modifications. Double-positive wells were then cloned by limiting dilution. 
 
6.2.2.6. Cloning and selection 
Serial 1:2 limiting dilutions were performed in 96 well plates (Falcon) following the scheme 
represented below from a starting dilution of 2x104 cells/mL from selected master plate wells for 
obtaining single colonies using DMEM 20+ medium supplemented with HFCS and grown for 7 
days in the CO2 incubator.  
Three days after plating wells, when confluence in marked wells was 50%-75%, hybridomas were 
screened for their ability to secrete Mabs specific for the peptides wearing the post transcriptional 
acetylations and phosphorylations and non-modified peptides (for negative control).  
Selected wells were sequentially expanded in 24-well plates, T25 and T75 vented culture flasks 
(Corning) for 2 weeks at 37°C under 5% CO2, the supernatant from each culture was again tested 
for the presence of antibodies against the peptide antigen and cells added to the biobank in LN2. 
Hybridomas secreting antibody at the highest titer were further subjected to another round of 
limiting dilution cloning. Finally, 5 final clones for each peptide were expanded for production in 
large T150 flasks (Corning).  
The protocol followed was the one described in Table 6.3 using pTAU and acTAU peptides 
without conjugated KLH for coating the Greiner Microlon High Binding 96-well ELISA microplates 
at a concentration of 1 µg/mL. Assays for the screening of the clones were performed in triplicate. 
Data are reported as the average of the results from all experiments and replicates ± standard 
deviation (SD). 
 
6.2.2.7. Animal ethic agreements 
Immunized mice were property of Luís Graça´s Group (IMM) and every ethic aspect was fulfilled 
with IMM (Instituto de Medicina Molecular). 
 
6.2.3. Anti-Aβ antibodies characterization 
6.2.3.1. Western Blot characterization 
The protocol followed for testing STAB VIDA MAb and 6E10 antibodies with synthetic Aβ peptides 
was based in the described by Hermann Schägger for tricine-SDS-PAGE using three different gel 
types: 12% acrylamide-bisacrylalmide (a/b) (30% 29:1, Thermo), tricine-SDS-PAGE gel 
composed by a 6% band and a larger section with a 10% of A/B and another tricine-SDS-PAGE 
gel composed by a 10% band and a final and larger section with a 16% of A/B. For brain and cell 
culture lysates were used 12,5% a/b gels. For the development of the membranes we used ECL 
(Thermo) and BioRad Chemidoc equipment.  
Protein extracts of the cell cultures homogenates were obtained by physical disruption and using 
a 50 mM Tris-HCl pH 7.5, 100 mM NaCl, 1 mM DTT and 5% glycerol lysis buffer and resolved on 
SDS-PAGE before transfering to a nitrocellulose membrane (Whatman). The membrane was 
incubated in a 10% (w/v) solution of nonfat milk for 1 h at room temperature. After overnight 
incubation at 4 ºC with the primary antibody, the blots were washed in 0.1% w/v Tween-PBS and 
incubated with the horseradish peroxidase conjugated secondary antibody, which was detected 
by Western Lightning™ Chemiluminescence (Perkin Elmer, MA, USA). 
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6.2.3.2. ThT aggregation assays 
SensoLyte® Thioflavin T Beta-Amyloid ((1-42)) Aggregation Kit (Anaspec) was used for 
monitoring Aβ(1-42) aggregation kinetics and spectra were recorded on a Tecan Infinite M200 
equipment using a Greiner Microlon Flat Bottom Black 96-well plate (100 µL reaction per well). 
Excitation (9 nm bandwidth) and emission (20 nm bandwidth) wavelengths were 440 nm and 484 
nm respectively, while the gain was manually set in 100 and the number of flashes per read was 
20. The assays were conducted under 37ºC and orbital agitation (3 mm amplitude, for 25 seconds 
before each measurement), taking measurements each 5 minutes for 2 hours. The protocol 
followed and buffers used were the indicated in manufacturer´s kit instructions, but using different 
reagent concentrations depending on the assay. For the assay with pre-aggregated Aβ(1-42), the 
resuspended peptides were incubated at 37ºC for 24 hours. 
 
6.2.3.3. Electronic microscopy 
Prior to any incubation, the Aβ(1-42) peptides were dissolved in DMSO at a final concentration of 
1 mM and then added to the PBS solutions with or without presence of the STAB-Mab antibody, 
depending on the condition to a final concentration of 50 µM. To obtain oligomers, the peptide 
was dissolved in PBS 10 mM pH 7.4 and incubated at 4ºC for 5 days. To obtain fibrils, the peptide 
was resuspended in PBS 10 mM pH 7.4 and incubated at 37ºC for 5 days. After incubation, 
samples were diluted to 5 µM in PBS and put into the grids. 300 mesh formvar and carbon grids 
were placed above a 30 µL drop of each sample, incubated for 5 minutes, then rinsed for 3 
minutes into a MiliQ water drop, and finally 3 minutes into each of two drops of a uranyl acetate 
1.5% solution for negative staining. Finally, any liquid remaining on the grids was blotted away 
and conserved in dried conditions until TEM examination. Photos were taken in JEOL 1200EX 
equipment at 10, 25, 50, 75 and 100 K and RAW data was treated with GIMP open-source tool. 
 
6.2.3.4. Obtaining and immunostaining of mouse and human brain slices 
For mice brain cryoslices immunostaining: Fixed hemi-brains from WT and APP/PS1 mice were 
cut to 30 µm thickness coronal sections in a cryostat (Leica) and pre-treated with 70% v/v formic 
acid prior to blocking in serum for 1 h. The sections were then incubated for 1 h with the STAB-
Mab (1:1000 dilution), washed and then incubated with anti-mouse Alexa 555 conjugated 
secondary antibodies (Invitrogen, Paisley, UK). After washing, DAPI was used to label the cell 
nuclei and sections were mounted with Fluoromount G (Southern Biotech, AL, USA). Finally, 
sections were visualized by fluorescence microscopy (Axiovert200, Carl Zeiss Microscope, 
Göttingen, Germany) and images were captured using a SPOT RT Slider camera (Diagnostic, 
MI, USA). Analyses were performed using ImageJTM software and the area occupied by amyloid 
plaques represented as a percentage of the total area analysed. 
For paraffin-fixed mice brain slices: 6 months-old mice (WT, APP KO and APP/PS1 genotypes) 
were anesthetised with isofluorane prior to a peritoneal injection of ketamine/xylazine (0.14 mg / 
g body weight; WDT / Bayer Health Care) and transcardially perfused with phosphate buffered 
saline (PBS) followed by 4% paraformaldehyde in 0.12 M PBS, pH: 7.4. The brain was removed 
and post-fixed for 24 h at 4°C in the same fixative. The brains were washed in 1% PBS and 
coronal sections of 50 μm were obtained at room temperature by the vibratome Leica VT 1000S 
(Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany). Immunofluorescence was performed 
on free-floating sections. Sections were permeabilized (2% TritonX –PBS, Life Science, 
Darmstadt, De), gently shacked, overnight at 4°C. Blocking solution (10% normal goat or donkey 
serum - 1% PBS, Thermo Fisher Scientific Messtechnik GmbH, Munich, DE) was applied for 2 
hours at room temperature (RT). Sections were incubated with primary antibodies diluted in 3% 
normal goat/donkey serum, 0,03% Triton-X, 0,05% sodium azide-PBS overnight at 4°C. 
Secondary antibodies (conjugated with Alexa 594 or Alexa 488 fluorophores) were all applied in 
a dilution of 1:500 in 3% normal goat/donkey serum, 0,03% Triton-X, 0,05% sodium azide-PBS 
for a minimum of 2 hours at room temperature. Brain sections were mounted on polysine slides 
with Dako Fluorescent Mounting Medium (#S3023, Thermo Fisher Scientific Messtechnik GmbH, 
Munich, DE). 
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6.2.3.5. Confocal and fluorescence microscopy 
Confocal images were acquired using a Zeiss LSM 780 with a Plan Apochromat 40x/ NA 1.4 Oil 
DIC M27 with a Pinhole set to 1 airy unit. Brains were extracted and embedded in paraffin. 
Paraffin-fixed brains were cut to 10 µm thickness coronal sections in a microtome and 
deparaffinised using diminishing xylene and ethanol gradients, finishing with water. Antigen 
retrieval was performed by boiling samples in the microwave for 15 minutes in a sodium citrate 
solution (10mM sodium citrate, 0.05% Tween 20, pH 6.0). The sections were then incubated for 
1 h with the primary antibodies (1:1000 dilution in PBS 10 mM) and washed prior to blocking in 
BSA 1% (in PBS-Tween20) for 1 h, washed again and then incubated with anti-mouse Alexa 555 
conjugated secondary antibodies (Invitrogen, Paisley, UK) at 1:2000 dilution in blocking solution. 
After washing, DAPI was used to label the cell nuclei and sections were mounted with 
Fluoromount G (Southern Biotech, AL, USA). Finally, sections were visualized by fluorescence 
microscopy (Zeiss D4) and images were captured using a SPOT RT Slider camera (Diagnostic, 
MI, USA). Analyses were performed using ImageJTM software and the area occupied by amyloid 
plaques represented as a percentage of the total area analyzed. 
Human paraffin fixed brain sections: AD patient´s paraffin-fixed slices from the biobank were 
deparaffinized using diminishing xylene and ethanol gradients, finishing with water. Antigen 
retrieval was performed by boiling samples in the microwave for 15 minutes in a sodium citrate 
solution (10mM sodium citrate, 0.05% Tween 20, pH 6.0). The sections were then incubated for 
1 h with the primary antibodies (1:1000 dilution in PBS 10 mM) and washed prior to blocking in 
BSA 1% (in PBS-Tween20) for 1 h, washed again and then incubated with anti-mouse Alexa 555 
conjugated secondary antibodies (Invitrogen, Paisley, UK) at 1:2000 dilution in blocking solution. 
After washing, DAPI was used to label the cell nuclei and sections were mounted with 
Fluoromount G (Southern Biotech, AL, USA). Finally, sections were visualized by fluorescence 
microscopy (Zeiss D4 Göttingen, Germany) and images were captured using a SPOT RT Slider 
camera (Diagnostic, MI, USA). Analyses were performed using ImageJTM software and the area 
occupied by amyloid plaques represented as a percentage of the total area analyzed. 
The antibodies used for comparing with STAB-Mab were: Anti-Amyloid Precursor Protein (H, M, 
R) Antibody, C-Terminal (Rabbit Poly. Sigma A8717), Beta-AmyloidAntibody (Rabbit Poly, Cell 
Signaling #2454), Anti-Alzheimer Precursor Protein 22C11, N-Terminal (Mouse IgG1 Monocl. 
Millipore MAB348), 6E10, Human Beta amyloid (Mouse IgG1 Monocl. Covance SIG-39320). 
 
6.2.3.6. ELISA epitope mapping 
96-well ELISA plates (Greiner Bio-One GmbH, Frickenhausen, Germany) were coated with 100 
mL of Aβ or Aβ peptide fragments in a carbonate buffer, pH 9.6, at 37ºC for 2 h. For blocking,100 
mL of 3% w/v BSA (in PBS pH 7.4, containing 0.05% v/v Tween 20) was added and incubated 
for 1 h at 37ºC. Primary antibodies (100 mL) were diluted at the desired concentrations in 1% w/v 
BSA and 0.05% Tween 20 in PBS and incubated for 1 h at 37ºC. Secondary HRP conjugated 
antibodies were added (100 mL) in a 1:2000 dilution in the same buffer as for primary antibodies 
and incubated again at 37ºC for 1 h. Finally, 100 mL of HRP substrate was added (Thermo Fisher 
Scientific, MA, USA). Following 10 min incubation at room temperature, the reaction was stopped 
by the addition of 100 mL HCl (1 N). The plates were read in a BIOTEK Spectrophotometer 
MQX200 (VT, USA) at 450 nm. The washings steps (except after TMB addition) were performed 
3 times with PBS-0.1% v/v Tween 20 (300 mL) in a DAS Plate Washer D1. 
 
6.2.3.7. MALDI-MS/MS epitope mapping 
Si@MNPs synthesis and functionalization: Treatment of the MNP with (3-
aminopropyl)triethoxysilane (APTES) produced a self-assembled monolayer containing surface 
amino groups that were converted to carboxyl groups by reaction with glutaric anhydride. The 
carboxyl groups were activated by sequential reactions with 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS). The resulting NHS 
groups were used for chemical conjugation of STAB-Mab to generate STAB-Mab-MNPs [385].  
NHS-activated columns functionalization: The “standard coupling buffer” (0.2 M NaHCO3, 0.5 M 
NaCl, pH 8.3), “buffer A” (0.5 M Ethanolamine, 0.5 M NaCl, pH 8.3), “buffer B” (0.1 M Sodium 
acetate, 0.5 M NaCl, pH 4), “binding buffer” for the samples (Ammonium bicarbonate 12.5 mM, 
pH 8), “elution buffer” for the epitope fragments (0.1% TFA, pH 2) and the “columns storage 
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solution” (0.05 M Na2HP4, 0.1% NaN3, pH7) solutions were prepared, filtered through 0.22 µm 
syringe filters (VWR) and stored at room temperature. (i) For columns coupling, the protocol of 
the manufacturer was followed, applying first 3 column volumes of an ice-cold 1 mM HCl solution 
for removing the isopropanol. Immediately, 1 ml of the ligand solution (500 µg the STAB-Mab 
dissolved in the coupling buffer at a 0,5 mg/mL) was added into the columns. Then, the columns 
were sealed and incubated for 60 minutes at 25°C. (ii) To evaluate the coupling, the coupling 
solution was washed out from the column with 3 column volumes of the coupling buffer, 1 ml of 
that solution is mixed with 1 ml 2 M glycine-HCl, pH 2.0 and the absorbance was measured at 
280 nm. (iii) The deactivation of the excess active groups that have not coupled to the ligand, and 
wash out the non-specifically bound ligands, was performed by sequentially passing several 
volumes of buffers A and B. (iv)  
Enzymatic digestion of Aβ: 25µg of lyophilized peptides were resuspended in 39 µL of binding 
buffer and incubated with 1µg of the corresponding enzyme (Trypsin, LysC or GluC) for 2 h at 
37ºC. The reaction was stopped with 5µL of TFA 0.1%. (v) Sample application: Columns were 
sequentially washed with binding buffer and elution buffer and equilibrated before addition of the 
samples. Resuspended peptides or digestion products were dissolved in binding buffer until 1mL 
and added into the columns. (vi) Samples were incubated into the columns and/or MNPs for 2 h 
at 20ºC and gentle shaking. (vii) Flow-through fractions were obtained washing out unbound 
peptides with binding buffer and kept for MALDI analysis. (viii) Epitope-related fragments were 
released incubating columns with elution buffer for 15 min. (ix) Columns were washed and 
equilibrated again with binding buffer and stored with storage solution at 4ºC until next use. (x) 
The different flow-troughs and eluted fractions from the NHS-STAB-Mab columns were analyzed 
by MALDI: 5 μL of each sample was mixed with 10 μL of matrix solution (10 mg of α-cyano-4-
hydroxy cinnamic acid in 1 mL of 50% acetonitrile and 2.5% aqueous trifluoroacetic acid). Then 
1 μL of the sample-matrix solution was deposited onto a stainless steel plate and allowed to dry 
at room temperature. Mass spectra were obtained using a Bruker Daltonics Ultraflex MALDI 
TOF/TOF Mass Spectrometer operating in linear mode with positive ion extracting at 25,000 V 
and a delay time of 350 ns. The grid voltage and guide wire were adjusted to 95% and 0.05%, 
respectively. Each final spectrum was the accumulated result of at least 500 laser shots that were 
obtained from 10 different manually selected regions of the same sample, over a range of 650–
4,500 Da. Two duplicates were made of each sample. The spectra were externally calibrated 
using a mixture of 2 pmol/μL oxidized B chain of insulin and 2 pmol/μL bovine insulin (Sigma-
Aldrich). Baselines of spectra were corrected and noise was filtered out. Lists of m/z values with 
relative signal intensities higher than 2% were extracted from the mass spectral data. 

 
Figure 6.1. Scheme of the MALDI-TOF experiment for mapping the STAB-Mab epitope through proteolytic digestion and 
spectrometry analysis of the bound and unbound Aβ fragments through the functionalized columns and MNPs. 

 
6.2.3.8. Epitope mapping by NMR (1H/15N HSQC experiment) 
All NMR 1H/15N HSQC spectra were acquired with a Bruker Avance III 600 MHz spectrometer 
using a TCI cryo-probe. 15N-labeled Aβ(1-40) and Aβ(1-42) (Alexotech, Sweden) were initially 
dissolved as concentrated 2 mM stock solutions in DMSO-d6 (Sigma-Aldrich). Samples were then 
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diluted 100-fold in 10 mM PBS (Amresco) pH 7.4 containing 5% DMSO-d6, 50 µM TSP and the 
STAB-Mab antibody at 1:0.1, 1:0.3, 1:0.6, 1:1.5 and 1:3 ratios at a final pH of 7.30. NMR spectra 
were recorded in 5 mm tubes (Norell, North Carolina) at a temperature of 278 K. 2D 1H/15N 
SOFAST-HMQC spectra were recorded with 2048 data points in the proton dimension and 128 
data points in the 15N dimension with a total of 128 scans. Spectra were processed with TopSpin 
(Bruker, Karlsruhe) with 2048 data points in the proton and 1024 data points in the 15N dimension. 
Spectra of the Aβ(1-40) and Aβ(1-42) peptides alone and in 1:0.1, 1:0.3, 1:0.6, 1:1.5 and 1:3 
complexes with the STAB-Mab were recorded. The 1H/15N correlated spectra were assigned 
using the BMRB data base values (BMRB-ID 11435 and BMRB ID-25218). The 15N chemical 
shift was referenced indirectly to the TSP-derived 1H signal based on the relative gyromagnetic 
ratios of these nuclei. Data visualization and analysis was performed using CCPN 
(http://www.ccpn.ac.uk/about). Residues belonging to the binding epitopes of Aβ(1-40) and Aβ(1-
42) were identified by signal intensity attenuation and combined 1H/15N chemical shift 
perturbations (Δδcomb). Residues with intensities below the noise or above the cut-off value, 
calculated in an iterative procedure as the corrected standard deviation to zero, were mapped to 
the epitope. 
 
6.2.4. Anti-Aβ antibodies in vivo pre-clinical trials 
6.2.4.1. STAB-Mab 
6.2.4.1.1. ImmunoPEGliposome preparation and characterization 
Mouse IgG and STAB-MAb were thiolated with Traut's reagent (10:1 M ratio of Traut's reagent to 
antibodies in degassed borate buffer, pH 8.3) [535]. After 1h of incubation at room temperature, 
unreacted Traut's reagent was removed by Amicon Ultra 15 mL centrifugal filter device (molecular 
weight cut-off, MWCO, 30 kDa) and the buffer was exchanged with degassed phosphate buffer 
(pH 7.4). The thiolated antibodies were added to the liposome (DPPC:Cholestrol:mPEG2000-
DSPE:MPB-PEG2000-DSPE; mole ratio; 70:25:4:1) and incubated at room temperature for 12 h 
under nitrogen. Unreacted maleimide groups were inactivated by incubation with 0.5 mM cysteine 
for 15 min at room temperature. Unbound antibodies were separated from the 
immunoPEGliposomes by gel-permeation chromatography using Sepharose CL-4B with 
degassed PBS as buffer. In some studies, liposomes were labelled with Liss-Rhod-PE. A 
commercially available phosphocholine assay kit was used for determination of liposomal 
phospholipid content. The amount of unbound antibody was quantified with Qubits Protein Assay 
Kit. 
Nanoparticle Tracking Analysis (NTA) was also used for vesicular size and concentration 
evaluation. Briefly, samples were diluted 106 times with purified water (18.2 MU cm) and 
monitored with an LM20 NanoSight mounted with a blue (405 nm) laser (Malvern Instruments, 
Malvern, UK) using the Nanosight 2.3 software for analysis [536]. The number of bound antibody 
molecules per liposome was calculated by considering an average occupied area of 75 Å per 
phospholipid polar head group and cholesterol and the mean vesicular size of 150 nm (from NTA). 
SDS-PAGE (12%) under reducing and non-reducing conditions with silver staining was used to 
determine whether antibodies were covalently bound to the distal end of PEG chains in liposomes 
and to confirm the integrity of bound antibodies.  
 
6.2.4.1.2. Validation of double transgenic mice 
The double transgenic mice of both female and male genders used in the present study 
incorporate a human APP construct bearing the Swedish double mutation and the exon-9-deleted 
PSEN1 mutation B6.Cg-Tg [(APPSwe, PSEN1dE9)85Dbo/J] (Jackson Laboratory, Bar Harbor, 
ME, USA; stock no. 005864). We confirmed mouse genotype by PCR of DNA isolated from tail 
biopsies [484, 485, 537]. All animal care and handling was in accord with current Spanish 
legislation and guidelines as well as those by the European Commission (directive 2010/63/EU). 
 
6.2.4.1.3. Animal treatment protocols 
Two therapeutic protocols were designed. For the first protocol we used 10 month-old mice 
(designated as ‘adult’ mice). Here, mice were divided in to four treatment groups (n= 6, 3 males 
and 3 females) receiving liposomes decorated with STAB VIDA MAb (Lip-MAb), free STAB VIDA 
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MAb, control liposomes without antibody decoration (Lip) and a non-specific mouse IgG1 
preparation over a 4-month period. All preparations were injected intraperitoneally once every 3 
weeks. The liposome dose corresponded to a total of 4 mg phospholipid, whereas the antibody 
dose was 150 mg (both in free form and in immunoPEGliposome preparation). For the second 
protocol, we used 16 month-old mice (designated as ‘aged’ mice). These animals were treated 
for 6 months with the abovementioned preparations, but with the exception of Lip treatment. The 
dosing schedule was kept once every 3 weeks. The Lip group was eliminated due to lack of any 
adverse (and therapeutic) effect in the first protocol. This decision was adopted following the 
advice of the ethical committee to reduce the number of animals used for the in vivo experiments. 
 
6.2.4.1.4. Blood and tissue sampling 
Blood samples were taken before and after the full-round treatment by the submandibular vein 
puncture. After mixing with 10 mM EDTA in PBS (1:1), the blood was centrifuged for 5 min at 
10,000 g at room temperature to obtain the plasma fraction, which was stored at -80 ºC. 
Mice were sacrificed by CO2 asphyxiation. The brain was removed and cut into two hemi-brains. 
One hemi-brain was snap frozen on dry ice for subsequent homogenization and stored at -80 ºC 
until use. The second hemi-brain was fixed for 24 h in 4% v/v paraformaldehyde (PFA) in 
phosphate buffered saline (PBS, pH 7.4) and cryoprotected in graded concentrations of sucrose 
(15-30%) in PBS. The fixed tissue was finally set in O.C.T.TM com- pound (Tissue-Tek®Sakura, 
Sakura Finetek B.V. KvK, Leiden, NL) and frozen at -80 ºC. 
 
6.2.4.1.5. Tissue processing 
Previously frozen brain tissue was homogenized in 3 vol of ice-cold lysis buffer (20 mM Hepes, 
100 mM NaCl, 100 mM NaF, 1 mM NaVO4, 5 mM EDTA, 1% v/v Triton-X100) containing protease 
inhibitor cocktail (Roche Diagnostic) and 1 mM okadaic acid (Calbiochem, CA, USA) as 
phosphatase inhibitor. The homogenate was then centrifuged at 4 ºC for 20 min at 16,000 g and 
the supernatant stored at -80 ºC. The protein concentration was measured using the BioRad DC 
Protein Assay (BioRad, Hertfordshire, UK) following the manufacturer's protocol. Prior to 
resolving the proteins by SDS/PAGE (PolyAcrylamide Gel Electrophoresis), loading buffer (10% 
SDS, 0.5 mM DTT, 325 mM TrisHCl [pH 6.8], 87% v/v glycerol, and bromophenol blue) was added 
to the supernatants. Tissue samples used for ELISA tests were homogenized in 8 vol of ice-cold 
guanidine buffer (5 M guanidine HCl/50 mM Tris HCl, pH 8). The homogenates were mixed for 3 
h at room temperature and stored at -20ºC. 
 
6.2.4.1.6. Plasma and brain Aβ(1-40) and (1-42) quantification by ELISA 
Brain homogenates were diluted 1:50 in albumin-PBS-Tween buffer (5% w/w bovine serum 
albumin, 0.03% w/v Tween-20 in PBS) prior to centrifugation at 16,000 g for 20 min at 4 ºC. The 
amyloid levels were measured in plasma samples and diluted brain supernatants with an Aβ(1-
40) or Aβ(1-42) Human ELISA kit (Invitrogen, Paisley, UK) according to the manufacturer's 
instructions. The absorbance in the plates was read at 450 nm on an Opsys MR Microplate reader 
(Dynex Technologies, VA, USA). 
 
6.2.4.1.7. Western blots of brain protein extracts 
Protein extracts of the brain homogenates were resolved on SDS-PAGE and transferred to a 
nitrocellulose membrane (Whatman). The membrane was incubated in a 10% (w/v) solution of 
non-fat milk for 1 h at room temperature. After overnight incubation at 4 ºC with the primary 
antibody, the blots were washed in 0.1% w/v Tween-PBS and incubated with the horseradish 
peroxidase conjugated secondary antibody (Santa Cruz Biotechnology, TX, USA), which was 
detected by Western LightningTM Chemiluminescence (Perkin Elmer, MA, USA) [22]. β-actin 
served as the internal control. The intensity of each band was determined with ImageJTM 
software (National Institute of Health, MD, USA). 
 
 



 115 

6.2.4.1.8. Immunofluorescence studies of the brain sections 
Fixed hemi-brains were cut to 30 mm thickness coronal cryostat (Leica) sections and pre-treated 
with 70% v/v formic acid prior to blocking in serum for 1 h. The sections were then incubated for 
1 h with the 6E10 anti-Aβ antibody (1:1000 dilution) or anti-GFAP (1:1000 dilution), and after 
washing they were incubated with anti-rabbit or anti-mouse biotinylated secondary antibody for 
30 min [485]. Antibody staining was visualized with the Vectastain Elite ABC kit (Vector 
Laboratories, CA, USA) using diaminobenzidine (DAB) as the chromogen (Sigma Aldrich, Poole, 
UK). Finally, the slices were mounted on slides and covered with Entellan New Medium (Electron 
Microscopy Sciences, PA, USA). For immunofluorescence staining, sections were treated with 
primary antibodies, washed and then incubated with anti-rabbit Alexa 488 and anti-mouse Alexa 
555 conjugated secondary antibodies (Invitrogen, Paisley, UK). After washing, DAPI was used to 
label the cell nuclei and sections were mounted with Fluoromount G (Southern Biotech, AL, USA). 
Finally, sections were visualized by light or fluorescence microscopy (Axiovert200, Carl Zeiss 
Microscope, Göttingen, Germany) and images were captured using a SPOT RT Slider camera 
(Diagnostic, MI, USA). Analyses were performed using ImageJTM software and the area 
occupied by amyloid plaques represented as a percentage of the total area analyzed. 
 
6.2.4.1.9. Statistical analysis 
Sigma Plot software was used for all statistical analyses by t-test, one-way or two-way ANOVA, 
where appropriate. In all cases, differences were considered statistically significant when p ≤ 0.05 
(*), p ≤ 0.01 (**) or p ≤ 0.001 (***). 
 
6.2.4.2. Minibody 2 
6.2.4.2.1. Therapeutic approach 
One group formed by 7 12-months old transgenic female mice was administrated with 150 µg of 
Minibody 2 IP each 3 weeks during 4 months for minimizing the risk of immunogenic responses. 
Another 7 transgenic mice were administrated with PBS (non-treated) and 6 wild type mice group 
without any treatment was used as controls.  
Minibody 2 wears a human Fc that would be recognized and targeted by the immune system of 
the mice. In order to avoid as far as possible immunologic reactions, mice were immune-
depressed using Fortecortin drug by oral administration (2 mg/L in drinking water). 
 
6.2.4.2.2. Validation of double transgenic mice 
14 mice bearing the Swedish double mutation and the exon-9-deleted PSEN 1 mutation B6.Tg-
Tg (APPSwe, PSEN1dE9) 85Dbo/J (Jackson Laboratory, Bar Harbor) were used to perform this 
experiment. The genotype of the mice was confirmed by PCR of DNA isolated from tail biopsies 
[484, 485, 537]. All animal care and handling was in accord with current Spanish legislation and 
guidelines as well as those by the European Commission (directive 2010/63/EU). 
 
6.2.4.2.3. Blood and tissue sampling 
Blood samples were taken before and after the full-round treatment by the submandibular vein 
puncture. After mixing with 10 mM EDTA in PBS (1:1), the blood was centrifuged for 5 min at 
10,000 g at room temperature to obtain the plasma fraction, which was stored at -80 ºC. 
Mice were sacrificed by CO2 asphyxiation. The brain was removed and cut into two hemi-brains. 
One hemi-brain was snap frozen on dry ice for subsequent homogenization and stored at -80 ºC 
until use. The second hemi-brain was fixed for 24 h in 4% v/v paraformaldehyde (PFA) in 
phosphate buffered saline (PBS, pH 7.4) and cryoprotected in graded concentrations of sucrose 
(15-30%) in PBS pH 7.4. The fixed tissue was finally set in O.C.T.TM com- pound (Tissue-
Tek®Sakura, Sakura Finetek B.V. KvK, Leiden, NL) and frozen at -80 ºC. 
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6.2.4.2.4. Western blots of brain protein extracts 
Protein extracts of the brain homogenates were resolved on SDS-PAGE and transferred to a 
nitrocellulose membrane (Whatman). The membrane was incubated in a 10% (w/v) solution of 
non-fat milk for 1 h at room temperature. After overnight incubation at 4 ºC with the primary 
antibody, the blots were washed in 0.1% w/v Tween-PBS and incubated with the horseradish 
peroxidase conjugated secondary antibody (Santa Cruz Biotechnology, TX, USA), which was 
detected by Western LightningTM Chemiluminescence (Perkin Elmer, MA, USA) [22]. β-actin 
served as the internal control. The intensity of each band was determined with ImageJTM 
software v1.5 (National Institute of Health, MD, USA). 
 
6.2.4.2.5. Plasma and brain Aβ ((1-40) and (1-42)) quantification by ELISA 
Brain homogenates were diluted 1:50 in albumin-PBS-Tween buffer (5% w/w bovine serum 
albumin, 0.03% w/v Tween-20 in PBS) prior to centrifugation at 16,000 g for 20 min at 4 ºC. The 
amyloid levels were measured in plasma samples and diluted brain supernatants with an Aβ(1-
40) or Aβ(1-42) Human ELISA kit (Invitrogen, Paisley, UK) according to the manufacturer's 
instructions. The absorbance in the plates was read at 450 nm on an Opsys MR Microplate reader 
(Dynex Technologies, VA, USA). 
 
6.2.4.2.6. Behavioral tests 
At the end of the treatment, for the NOR test, mice were first introduced into an empty open-
square grey arena (40 x 40 cm), 30 cm high and separated from the operator’s room for 
habituating to the area and for open-area behavior quantification. The next day, mice were again 
introduced into the arena containing two identical objects that they can explore freely. Twenty-
four hours later mice are reintroduced into the arena, containing two different objects one of which 
previously presented (familiar) and a new completely different one (novel). The objects used were 
a black chess figure (2 x 5 cm), and a metal cube (3 x 5 cm). The task started with a habituation 
trial during which the animals were placed in the empty arena for 10 minutes and their movements 
recorded to provide an indication of both WT and APP/PS1 mice motor activity. The next day, 
mice were again placed in the same arena containing two identical objects (familiarization phase, 
chess figure). Exploration was recorded in a 10-minute trial by an investigator blinded to the 
genotype and treatment. Sniffing, touching and stretching the head close to the object at a 
distance of smaller than 2 cm were considered as object investigation. Twenty-four hours later 
(test phase) mice were again placed in the arena containing one of the objects presented during 
the familiarization phase (old object), and a new, different one (new object), and the time spent 
exploring the two objects was again recorded for 10 min. Results were expressed as amount of 
time spend in each object by the 3 mice groups, the difference of the average amount of time 
spent by each group in each object, % time of investigation on objects/10 min and as 
discrimination index (DI), that is: (seconds spent on novel – seconds spent on familiar)/(total time 
spent on objects). 
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